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Deciphering End Resection in Double-Strand Break repair in Saccharomyces cerevisiae 
Huan Chen 
 
Double-strand breaks (DSBs) are highly cytotoxic DNA lesions that are usually repaired 
by two major mechanisms: non-homologous end joining (NHEJ) and homologous 
recombination (HR). HR is initiated by 5’-3’ resection, generating 3’ single stranded DNA 
tails coated by Replication protein A (RPA), which can be used in later steps for 
homology search and repair. The 5’-3’ resection step is a critical determinant of repair 
pathway choice that commits cells to HR instead of NHEJ, and it’s also required for DNA 
damage checkpoint activation. Studies in the budding yeast Saccharomyces cerevisiae 
have shown that the conserved Mre11-Rad50-Xrs2 (MRX) complex, together with Sae2, 
initiates end resection while more extensive processing of 5’ strands requires the 5’-3’ 
exonuclease Exo1, or the combined activities of the Sgs1 helicase and Dna2 
endonuclease. In this thesis we will discuss the function of RPA and Sae2 based on our 
experimental observations. 
RPA is an essential eukaryotic single-stranded DNA binding protein with a central 
role in DNA metabolism. It has been shown in vitro that RPA directly participates in end 
resection by stimulating the Sgs1 helicase and Dna2 endonuclease. To investigate the 
role of RPA for end resection in vivo, we used a heat-inducible degron allele (td-RFA1) 
that allows rapid conditional depletion of RPA in Saccharomyces cerevisiae. Complete 
loss of RPA resulted in a defect in both the Exo1 and Sgs1-Dna2 extensive resection 
mechanisms, while resection initiation by MRX-Sae2 was unaffected. Interestingly, Dna2 
was unable to localize to DSBs in the absence of RPA, whereas Exo1 localization was 
unaffected indicating that the role of RPA in the resection pathways is distinct. The short 
single-stranded DNA tails formed in the absence of RPA were unstable, represented by 3’ 
strand loss and formation of foldback hairpin structures. Thus, RPA is required to 
generate ssDNA, and also to protect ssDNA from degradation and inappropriate 
annealing that could lead to genome rearrangements. 
While Mre11 possesses 3’-5’ dsDNA exonuclease and ssDNA endonuclease 
activities, Sae2 was reported to activate its endonuclease activity, which initiates end 
resection. We identified mre11-P110L and four more mutants from a screen that bypass 
Sae2 for camptothecin (CPT) and MMS resistance. None of them restored endonuclease 
activity, neither did they improve resection. Persistent Mre11 foci and hyper-checkpoint 
signaling caused by sae2Δ upon DNA damage was suppressed by mre11-P110L. These 
findings demonstrate that the DNA damage sensitivity of sae2Δ is not caused by 
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1.1. DSB repair pathways 
Double-strand breaks (DSBs), arising from exposure to exogenous clastogens or as a 
by-product of endogenous cellular metabolism (e.g. collapsed or stalled replication forks), 
pose grave threats to genome integrity. On the other hand, DSBs can be programmed 
intermediates during normal physiological processes such as meiosis, mating-type 
switching in budding yeast and V(D)J recombination in lymphocytes. Failure to repair 
DSBs or inaccurate repair can result in loss of genetic information, gross chromosome 
rearrangements (GCRs) or even cell death. Cells use two major pathways to repair DSBs: 
homologous recombination (HR) or non-homologous end joining (NHEJ). HR requires a 
homologous DNA duplex to template repair of both broken strands, and is generally 
restricted to the S and G2 phases of the cell cycle when a sister a chromatid is available 
as a donor duplex (Ira et al., 2004). NHEJ involves the direct ligation of the DNA ends 
without using a repair template and is considered to be more error-prone. As the DSB 
sensor, the Mre11, Rad50 and Xrs2 (NBS1) proteins form a stable heterotrimeric 
complex (MRX(N)) that localizes to DNA ends immediately upon break formation (Lisby 








1.1.1. DSB repair by HR 
The choice between repair pathways is governed by cyclin-dependent protein kinases 
(CDKs), with a major site of control being at the level of DSB end resection, the 5’-3’ 
nucleolytic degradation of the DNA ends to produce 3’ ssDNA tails (Mimitou and 
Symington, 2009). Resection takes place most effectively in S and G2, and is necessary 
for HR but inhibitory to NHEJ. Resection occurs mainly in the 5’-3’ direction (Sun et al., 
1991), generating 3’ ssDNA tails coated with replication protein A (RPA), which is then 
replaced by Rad51 recombinase with the help of Rad52 or BRCA2 mediator (Brill and 
Bastin-Shanower, 1998; Gasior et al., 1998; Jensen et al., 2010; Kang et al., 2005; Sung, 
1997). Rad52 binds directly to both Rad51 and RPA, providing a high local concentration 
of Rad51 to compete with RPA for DNA binding (Gibb et al., 2014; Hays et al., 1998; 
Milne and Weaver, 1993). Once Rad51 is bound to the 3’ ssDNA tail it catalyzes pairing 
with a homologous duplex, and exchanges one strand of the duplex with the incoming 
ssDNA tail to form a displacement loop (D-loop) (Krogh and Symington, 2004). The 3’ 
end of the invading strand is then used to prime DNA synthesis, templated by the donor 
duplex. From this point, HR can be continued by Double Strand Break Repair (DSBR) or 
Synthesis Dependent Strand Annealing (SDSA) (Figure 1-1). 
With the canonical DSBR model, the displaced strand of the D-loop pairs with the 
other DSB end and after gap filling and ligation a double Holliday junction intermediate is 




(Sarbajna and West, 2014). For SDSA, the extended invading strand is displaced by the 
action of a helicase and can then pair with the resected end at the other side of the DSB 
(Ferguson and Holloman, 1996). The remaining gaps can be filled by DNA synthesis and 
the nicks ligated. If the DSB occurs between long direct repeats, it can be repaired by 
Single Strand Annealing (SSA) (Figure 1-1), which does not require Rad51 mediated 
strand invasion. Instead, Rad52 anneals complementary single-strand regions revealed 
by resection. Then the heterologous flaps formed at the ends are removed by nucleases 
prior to gap filling and ligation (Fishman-Lobell et al., 1992a; Ivanov and Haber, 1995).  
This process is accompanied by deletion of one of the repeats and the intervening DNA, 





Figure 1-1. Mechanism and outcomes of DSB repair by homologous recombination  
HR is initiated by resection, followed by strand invasion and DNA synthesis. Then HR can be repaired by 
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1.1.2. DSB repair by end joining 
NHEJ is dependent on the Ku complex (Yku70-Yku80 heterodimer) for end protection 
against resection and on DNA ligase IV for ligation of the two ends (Chiruvella et al., 2013) 
(Figure 1-2). NHEJ can be precise or imprecise, depending on how the ends are 
processed before ligation, and can be accompanied by gain or loss of nucleotides at the 
junction (Daley et al., 2005). NHEJ is the primary mechanism to repair DSBs in human 
cells, whereas HR is predominant in bacteria and yeast. One possible explanation for this 
bias is that human have less compact genome, thus can tolerate erroneous NHEJ better. 




Figure 1-2. Mechanism and outcomes of DSB repair by end joining  
NHEJ is dependent on the Ku complex for end protection and on DNA ligase IV for ligation. MMEJ uses 5-20 
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In the absence of NHEJ factors (Ku, Ligase IV, XRCC4 etc.), end joining can still 
occur using microhomology-mediated end joining (MMEJ) (Abraham et al., 2003; 
Bennardo et al., 2008; Boboila et al., 2012; Truong et al., 2013; Yan et al., 2007) (Figure 
1-2). MMEJ uses 5-20 nts of microhomologies internal to the ends to anneal for repair, 
yielding deletions of intervening sequences (Lee and Lee, 2007). End resection is 
needed to expose MH internal to the ends. The process of MMEJ resembles SSA, with 
the difference being that less resection is required, and less homology is used for 
annealing thus does not require Rad52 (Villarreal et al., 2012). MMEJ, like NHEJ, is more 
efficient in mammalian cells than in budding yeast, likely due to proteins that can synapse 
and ligate ends, such as PARP-1 and DNA ligase III, respectively (Audebert et al., 2004; 
Liang et al., 2008; Simsek et al., 2011; Wang et al., 2006), that are absent from budding 
yeast.  
 
1.2. The mechanism of end resection 
As the first step of HR, end resection is not only essential for the later homology-search 
and gap-filling steps of HR, but also required for effective DNA damage checkpoint 
activation, which holds damaged cells from cell cycle progression until the break is 
properly repaired. There have been extensive studies on the mechanism of resection in 
both meiotic and mitotic DSB repair. The current model suggests a bidirectional 




resection by endonucleolytic cleavage of the 5’-terminated strand, generating a nick, from 
where MRX proceeds back towards the dsDNA end using its 3' to 5' exonuclease, while 
Exo1 and/or Sgs1(BLM)-Dna2 carry out long-range resection in the 5' to 3' direction 
(Cannavo and Cejka, 2014; Garcia et al., 2011; Mimitou and Symington, 2008; Zhu et al., 
2008). The evidence supporting this model came from studies in meiotic DSB processing, 
where the Spo11 transesterase generates DSBs and is then removed endonucleolytically, 
releasing it with a short (12- to 40-nt) oligonucleotide attached (Neale et al., 2005). 
Mutation of the Mre11 exonuclease activity by mre11-H59S results in release of longer 
oligonucleotides attached to Spo11 (Garcia et al., 2011). The initial clipping is executed 
by Mre11 endonuclease with the help of Sae2 (Cannavo and Cejka, 2014). Thus both 
exo- and endonuclease activity of Mre11 contributes to resection. This model matches 
well with the observations on resection at DSBs blocked by a covalent adduct, such as 
Spo11-bound ends in meiosis or hairpin-capped ends in mitosis. With clean ends 
generated by HO or I-SceI endonuclease, Exo1 and/or Sgs1-Dna2 can directly initiate 
resection via MRX recruitment (Shim et al., 2010) and stimulation (Nimonkar et al., 2011).  
The average length of meiotic resection is ~800 nts and is reduced to ~270 nts in 
the absence of Exo1 (Hodgson et al., 2011; Keelagher et al., 2011; Zakharyevich et al., 
2010). Different from mitotic DSB repair, Sgs1-Dna2 does not contribute to resection in 
meiosis, except in the absence of the Dmc1 recombinase (Manfrini et al., 2010; 




circumstances where strand invasion is blocked by the absence of recombination factors 
or a homologous template, up to 50kb of nucleotides can be removed from the 5’ strand 
from the break site (Chung et al., 2010; Zhu et al., 2008). When a homologous template 
is available and strand invasion can occur, the extent of resection is significantly less (∼2 
to 4 kb in the case of allelic recombination and ∼3 to 6 kb in the case of ectopic 
recombination), which correlates well with the faster kinetics of gene conversion between 
homologs relative to recombination between different chromosomes (Chung et al., 2010). 
The rate of resection has been reported to be approximately 4 kb/h in vivo at different 
chromosomal locations (Chung et al., 2010) (Fishman-Lobell et al., 1992b; Vaze et al., 
2002; Zhu et al., 2008), although the initiation of resection is usually slower and thus is 






Figure 1-3. Bidirectional model for end resection and checkpoint activation 
The MRX complex and Sae2 initiate resection by endonucleolytic cleavage of the 5’-terminated strand, 
generating a nick, from where MRX proceeds back towards the dsDNA end using its 3' to 5' exonuclease, 
while Exo1 and/or Sgs1-Dna2 carry out long-range resection in the 5' to 3' direction. DSB triggers 
Tel1-dependent checkpoint signaling via MRX, while ssDNA generated by resection triggers 
Mec1-dependent checkpoint signaling via RPA. 
 
1.3. Resection and DNA damage checkpoint activation 
Two phosphoinositide 3-kinase-related kinases (PIKKs), Tel1 (ATM) and Mec1 (ATR), 
are critical upstream regulators of checkpoint signaling in budding yeast. Following DSB 
formation, binding of MRX to DNA ends promotes the recruitment of Tel1 to the DSB via 
direct interaction with Xrs2 (Nakada et al., 2003a), leading to Tel1-dependent checkpoint 
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2001; Usui et al., 2001) (Figure 1-3). Tel1 activity is required for the DNA 
damage-induced phosphorylation of Xrs2, Mre11 and Sae2, promoting their functions in 
DNA repair and checkpoint activation (Baroni et al., 2004; Clerici et al., 2006; D'Amours 
and Jackson, 2001; Usui et al., 2001). After extensive resection, long tracts of ssDNA are 
exposed and coated with RPA, which recruits Mec1 through Ddc2 to break sites to 
activate the Mec1 checkpoint (Zou and Elledge, 2003). Furthermore, RPA also recruits 
the 9-1-1 checkpoint clamp Ddc1-Rad17-Mec3 (RAD9-RAD1-HUS1) and clamp loader 
Rad24-Rfc2-5 (RAD17-RFC2-5) to initiate Mec1-dependent checkpoint signaling 
independent of Ddc2 (Kondo et al., 2001; Majka et al., 2006; Melo et al., 2001) (Figure 
1-3). Thus, extensive resection promotes the transition from Tel1-dependent to robust 
Mec1-dependent checkpoint signaling. These PIKKs promote the activation of 
downstream effector kinases Rad53 and Chk1 via Rad9, which function to target 
downstream components of the DDR as well as amplifying the initial DDR signal 
(Stracker et al., 2009). Rad9 acts first as an adaptor to mediate the interaction between 
Mec1 and Rad53, and then as a scaffold to allow Rad53 autophosphorylation and 
activation(Baldo et al., 2008). In budding yeast, Mec1 is considered to be the principal 
PIKK since mec1 mutants are severely sensitive to DNA damage, while the tel1Δ mutant 





1.4. Extensive resection factors and RPA 
The two extensive resection pathways appear to be redundant since inactivation of either 
pathway alone has little effect on DSB resection, however, removal of both blocks all long 
range (0.5–30 kb) resection (Gravel et al., 2008a; Mimitou and Symington, 2008; Zhu et 
al., 2008). Exo1 shows 5’-3’ dsDNA exonuclease and 5’ flap endonuclease activities in 
vitro and is able to degrade from a dsDNA end or an internal nick (Szankasi and Smith, 
1992; Tran et al., 2004). The budding yeast and human Exo1 activity have been shown to 
be regulated in a checkpoint-dependent manner (El-Shemerly et al., 2008; Morin et al., 
2008). Budding yeast Exo1 is phosphorylated in response to telomere uncapping, DNA 
damage induced by bleomycin or replication defects. This phosphorylation is dependent 
on Rad9, Rad53, Mec1 and Rad24 (Morin et al., 2008). Consistent with this finding, Exo1 
was identified as a Rad53 target in a proteome-wide screen of proteins phosphorylated in 
response to MMS treatment (Chen et al., 2007). The phosphorylation sites were mapped 
to four serines in the C-terminal half of the protein (Morin et al., 2008). Phosphorylation of 
Exo1 inhibits its activity in vivo by limiting the accumulation of ssDNA at telomeres (Morin 
et al., 2008). Similarly, human Exo1 is phosphorylated by ATR and is degraded after 
treatment of cells with the S-phase inhibitor hydroxyurea (El-Shemerly et al., 2008). MRX 
facilitates Exo1 localization to DSBs (Shim et al., 2010) and promotes its processivity for 
extensive resection (Nicolette et al., 2010). 




translocation on the 3’-terminated strand (Bernstein et al., 2010). The Sgs1 interacting 
partners Top3 and Rmi1 are also required for end resection, but their roles appear to be 
structural rather than catalytic (Niu et al., 2010; Zhu et al., 2008). Dna2 possesses both 
helicase and ssDNA endonuclease activities in vitro (Bae et al., 1998; Budd et al., 2000), 
but only its nuclease activity is required for end resection (Cejka et al., 2010; Niu et al., 
2010; Zhu et al., 2008). Dna2 shuttles between the nucleus and cytoplasm in a cell-cycle 
dependent manner, residing in the cytoplasm during G1 phase and relocalizing to the 
nucleus in S/G2 upon phosphorylation by Cdc28, when resection is most efficient (Chen 
et al., 2011; Kosugi et al., 2009). Sgs1 and Dna2 interact physically in vitro. Addition of 
purified MRX complex stimulated the Sgs1–Dna2 dependent end resection by promoting 
Sgs1-mediated DNA unwinding. Moreover, MRX interacts with Sgs1 and Dna2 raising 
the possibility that MRX potentiates resection by recruiting Sgs1 and Dna2 to the DNA 
ends (Cejka et al., 2010; Niu et al., 2010). Consistent with this, Dna2 localization to DSB 
sites was shown to depend on Mre11 (Shim et al., 2010).  
The ssDNA generated by both resection initiation and extensive resection is 
bound by RPA, a heterotrimeric complex (Rfa1-Rfa2-Rfa3) consisting of 70, 32 and 14 
kDa subunits conserved among eukaryotes (Fanning et al., 2006; Wold, 1997). In 
addition to DNA binding, RPA interacts directly with a large number of DNA repair 
proteins via the N-terminal OB fold of RPA70 and the winged helix domain in the 




phosphorylation during the cell cycle and in response to DNA damage (Binz et al., 2004). 
In vitro reconstitution of the Sgs1-Dna2-dependent extensive resection revealed an 
essential role for RPA to stimulate Sgs1 unwinding and Dna2 cleavage of the 5’ strand 
through direct interaction with Sgs1 and Dna2 (Cejka et al., 2010; Niu et al., 2010). The 
role of RPA in Exo1-mediated resection remains controversial. In one study with S. 
cerevisiae proteins, RPA was shown to be dispensable for Exo1 resection (Nicolette et al., 
2010), but a study using the human proteins reported a stimulatory effect of RPA on Exo1 
nuclease activity (Nimonkar et al., 2011). RPA also facilitates the recruitment of Rad52 to 
DSBs likely via a direct physical interaction (Lisby et al., 2004).  
 
1.5. MRX(N) complex 
Structurally, MRX(N) is involved in tethering the two ends together (Kaye et al., 
2004; Lobachev et al., 2004; Ghodke and Muniyappa, 2013), which facilitates repair by 
both HR and NHEJ. MRX(N) also regulates telomere maintenance through telomerase 
activity and telomerase-independent recombination (Mimitou and Symington, 2009).  
Mre11 and Rad50 are conserved in all domains of life. The Mre11 protein is in the 
lambda phosphatase family of phosphoesterases, with 3’-5’ dsDNA exonuclease and 
ssDNA endonuclease activities in vitro (Furuse et al., 1998; Moreau et al., 1999a; Trujillo 
and Sung, 2001; Usui et al., 1998). While both exo- and endonuclease activities are 




weak endonucleolytic activity on the 5’ strand of linear DNA ends in more physiological 
conditions with magnesium (Mg2+) (Hopkins and Paull, 2008; Nicolette et al., 2010). 
Conserved residues within any one of the five phosphodiesterase motifs (e.g. Asp 16, 
Asp 56, His 125 and His 213) are required for Mre11 nuclease activity in vitro (Arthur et 
al., 2004; Moreau et al., 1999b; Ohta et al., 1998; Usui et al., 1998). Mutations that 
eliminate the Mre11 nuclease activity are generally referred to as mre11-nd (nuclease 
defective) alleles.  
Rad50 is a large ATPase within the Structural Maintenance of Chromosomes 
(SMC) family. Its ATPase activity is required for Mre11 nuclease and can trigger Mre11 
conformational change through ATP hydrolysis, thus affecting its binding to DNA 
(Lammens et al., 2011; Lim et al., 2011; Williams et al., 2011). The integrity of the long 
coiled-coil domains formed by intramolecular folding to juxtapose the N and C-terminal 
ATPase domains, as well as the conserved Cys-X-X-Cys dimerization motif (Rad50 hook) 
at the apex of the coiled-coil domains, is important for all functions of the MRX complex, 
suggesting tethering of DNA ends or sister chromatids via MR binding and dimerization is 
critical for repair (de Jager et al., 2001b; Hohl et al., 2011; Hopfner et al., 2002; Wiltzius et 
al., 2005). MRX(N) complex was also shown to unwind duplex DNA ends in a manner 
stimulated by ATP (Ghodke and Muniyappa, 2013; Paull and Gellert, 1999). A class of 
hypomorphic rad50 mutants, referred to as rad50S, is phenotypically similar to mre11-nd 




mutagenesis of the N-terminal ATPase domain and genetic screening for alleles that 
abolish Rad50 function in meiosis but show nearly wild-type function in vegetatively 
growing cells [46]. Despite the location of these mutations in the ATPase domain, rad50S 
mutations do not block the ATPase activity of MRX (Hodgson et al., 2011). The molecular 
basis of the rad50S defect is not understood. 
Xrs2 (NBS1) is less conserved and eukaryotic specific. The common motifs it 
shares with its human component Nbs1 include the N-terminal FHA domain, which 
mediates protein-protein interaction and which binds to phosphorylated H2A, and the 
conserved C-terminal domain (CCD), which is involved in interaction with Mre11 and 
contains phosphorylation sites for the checkpoint protein ATM/Tel1 (Kobayashi, 2004; 
Kobayashi et al., 2002). Xrs2 (NBS1) directly interacts with Mre11 and facilitates its 
nuclear localization in response to DNA damage. It also serves as an adaptor to recruit 
Tel1 and Sae2 to DSBs to fulfill their DNA damage signaling and repair functions (Lloyd 
et al., 2009; Nakada et al., 2003b; Schiller et al., 2012; Tsukamoto et al., 2005; Williams 
et al., 2009). Schizosaccharomyces pombe Mre11 interacts with Nbs1 via a 
eukaryotic-specific insertion between phosphoesterases motifs II and III, referred to as 
the latching loop (LL), and through additional residues in the amino-terminal region 
(Schiller et al., 2012). Mutations within the latching loop that disrupt the interaction with 
Nbs1 are found in individuals with ataxia-telangiectasia-like disorder (ATLD) or Nijmegen 




1.6. Sae2: multiple roles in DSB repair 
1.6.1 Sae2 stimulates Mre11 endonuclease 
Sae2 is known to act together with the MRX complex in meiotic DSB processing, as well 
as in the DNA damage response during the mitotic cell cycle. sae2Δ, mre11-nd and 
rad50S cells exhibit the same retention of Spo11 at meiotic DSBs and completely block 
resection, consistent with impaired Mre11 nuclease function (Keeney and Kleckner, 1995; 
McKee and Kleckner, 1997; Prinz et al., 1997). Similarly, they were also found to impair 
the processing of hairpin DNA structures (Lobachev et al., 2002) and camptothecin 
(CPT)-induced Top1 cleavage complexes (Deng et al., 2005). The strict requirement for 
Mre11 nuclease activity and Sae2 is not the case for endonuclease-induced breaks, 
where resection is only delayed for half an hour in the absence of Sae2 (Mimitou and 
Symington, 2008). Consistent with these genetics data, Sae2 was recently found to 
promote dsDNA-specific endonuclease activity by the Mre11 subunit within the MRX 
complex in vitro. The dsDNA end clipping is strongly stimulated by protein blocks at the 
DNA end, and requires the ATPase activity of Rad50 and physical interactions between 
Mre11, Xrs2 and Sae2 (Cannavo and Cejka, 2014).  
Except for stimulating Mre11 nuclease, recombinant Sae2 was also reported to 
exhibit endonuclease activity on ssDNA independently of MRX, and on hairpin DNA 




the tip by Sae2 but rather at single-stranded DNA regions adjacent to the hairpin 
(Lengsfeld et al., 2007). It was suggested that Mre11 nuclease activity might help to 
create ssDNA, which could then be cleaved by Sae2. CtIP, the equivalent of Sae2 in 
vertebrate cells was recently reported to possess 5’ flap endonuclease activity on 
branched DNA structures independent of MRN (Makharashvili et al., 2014; Wang et al., 
2014). This endonuclease activity is dispensable for I-SceI generated “clean” ends, but 
essential for hairpin capped ends or CPT/Etoposide/IR induced DSBs, suggesting that 
the nuclease activity of CtIP is specifically required for the removal of DNA adducts at 
sites of DNA breaks. 
 
1.6.2 Sae2 counteracts Ku and NHEJ 
Sae2-dependent promotion of resection was found to discourage both intrachromosomal 
and interchromosomal NHEJ (Deng et al., 2014; Lee et al., 2008), likely through 
counteracting the NHEJ factor Ku. Ku inhibits end resection in G1 by blocking Exo1 and 
competing with MRX for break ends (Clerici et al., 2008; Zierhut and Diffley, 2008), which 
is counteracted in G2 when Sae2 is activated by Cdc28. In vitro experiments have 
demonstrated that Ku strongly inhibits Exo1-mediated resection and that adding 
MRX-Sae2 can at least partially recover Exo1 activity (Shim et al., 2010). Furthermore, 
the resection defect, as well as sensitivity to CPT and MMS, of the sae2Δ or mre11-nd 




Limbo et al., 2007; Mimitou and Symington, 2010a). This suggests that Mre11 nuclease 
and Sae2 prevents Ku from engaging DSBs, thus promoting Exo1-dependent resection. 
The mechanism underlying Ku removal by MRX-Sae2 is not clear. It is possible that Ku is 
removed from ends by MRX-Sae2 endonucleolytic clipping like Spo11. Or a dynamic 
competition exists between MRX-Sae2 and Ku for ends, and the short ssDNA overhang 
generated by MRX-Sae2 resection reduces Ku binding (Foster et al., 2011). Interestingly, 
COM-1 (the Caenorhabditis elegans homolog of Sae2) is not required for Spo11 removal 
and initiation of meiotic DSB repair, but can still promote meiotic recombination by 
counteracting Ku (Lemmens et al., 2013).  
In mammals, 53BP1 was shown to negatively regulate resection in G1 (Bothmer et 
al., 2010). BRCA1, a well-known breast cancer tumor suppressor, promotes the removal 
of 53BP1 in S phase to allow resection (Bunting et al., 2010). In mice, deletion of 53BP1 
suppresses the embryonic lethality and prevents the chromosomal rearrangements seen 
in BRCA1−/− animals, emphasizing the importance of BRCA1-dependent removal of 
53BP1 to facilitate the transition from NHEJ to HR (Bunting et al., 2010). Importantly, 
BRCA1 interacts with CtIP (Wong et al., 1998; Yu et al., 1998), which is mediated by CDK 
phosphorylation of CtIP at S327 during G2 phase of the cell cycle (Yu and Chen, 2004). 
Thus CtIP might work together with BRCA1 in counteracting 53BP1 and NHEJ, although 
neither 53BP1-deficiency nor KU-deficiency can rescue embryonic lethality in CtIP-/- mice 




1.6.3 Sae2 affects checkpoint deactivation and Mre11 retention 
The checkpoint role of Sae2 was first identified via mec1Δ suppression by sae2Δ, where 
MRX-Tel1 signaling was hyper-activated to compensate for Mec1 deficiency (Usui et al., 
2001). In addition, cells lacking Sae2 were found to be deficient in turnoff of both Mec1- 
and Tel1-dependent checkpoints activated by a single irreparable DSB (Clerici et al., 
2006). Persistent Mre11 foci at DNA breaks was observed for both γ-irradiation and 
endonuclease generated DSB (Clerici et al., 2006; Lisby et al., 2004), indicating that 
Sae2 may negatively regulate checkpoint signaling by modulating MRX association at 
damaged DNA. Consistently, high levels of Sae2 prevent checkpoint activation and 
impair MRX foci formation in response to unrepaired DSBs. Mec1- and Tel1-dependent 
Sae2 phosphorylation is necessary for these Sae2 functions, suggesting that the two 
kinases may regulate checkpoint switch off through Sae2-mediated inhibition of MRX 
signaling (Clerici et al., 2006). Interestingly, the resection defective sgs1-D664Δ mutant 
further delayed Mre11 foci disassembly in sae2Δ cells, suggesting the role of Sgs1 in end 
resection along with Sae2 is important for removing Mre11 from DNA ends during repair 








1.6.4 Sae2 regulation by post-translational modification 
In the DNA damage response, many repair and signaling molecules mobilize rapidly at 
the sites of DNA double-strand breaks. This network of immediate responses is regulated 
at the level of posttranslational modifications that control the activation of DNA 
processing enzymes, protein kinases, and scaffold proteins to coordinate DNA repair and 
checkpoint signaling. 
Resection is positively regulated by phosphorylation of Sae2 at serine 267 by 
Cdc28 during S and G2 phase (Aylon et al., 2004; Huertas et al., 2008a; Ira et al., 2004; 
Zierhut and Diffley, 2008). The S267A mutation causes phenotypes comparable to sae2Δ 
mutant, including hypersensitivity to camptothecin, defective sporulation, reduced 
hairpin-induced recombination, impaired DNA-end processing and faulty assembly and 
disassembly of HR factors. While S267E complements these phenotypes and overcomes 
the necessity of Cdc28 activity for DSB resection (Huertas et al., 2008b). Sae2 is 
phosphorylated at additional (S/T)Q motifs by Mec1 and Tel1 in response to DNA 
damage and mutations altering all these sites (S73A, T90A, S249A, T279A, S289A) 
behaves like sae2Δ, suggesting that checkpoint-mediated phosphorylation of Sae2 is 
important to support its repair and recombination functions (Baroni et al., 2004). Both 
CDK- and checkpoint-mediated phosphorylation of Sae2 is also important to initiate 
meiotic DSB resection by allowing Spo11 removal from DSB ends (Cartagena-Lirola et 




Sae2 exists in the form of inactive oligomers independently of DNA damage that 
are transiently released into smaller active units by this series of phosphorylations to 
increase its solubility (Fu et al., 2014; Kim et al., 2008). DNA damage also triggers 
removal of Sae2 protein through acetylation upon histone deacetylase (HDAC) inhibition, 
which triggers Sae2 degradation by promoting autophagy, ensuring that active Sae2 is 
present only transiently in cells (Robert et al., 2011).  
Interestingly, although CtIP shows very limited homology to Sae2, the carboxyl 
terminus that includes sites for CDK, Mec1/ATR and Tel1/ATM phosphorylation, and an 
oligomerization motif close to the amino terminus are conserved, (Kim et al., 2008; Sartori 
et al., 2007; Wang et al., 2012), suggesting that they might undergo similar regulation by 
post-translational modifications. 
 
Although the factors involved in resection have been identified for many years, the 
complete mechanism underlying resection is not fully understood. Many intriguing 
questions remains to be answered, e.g. how are resection factors recruited to break sites? 
How is the extent of resection controlled and what signals the stop of resection? Why do 
cells need redundant pathways to process break ends? This thesis set out to elucidate 
the functions of RPA and Sae2, in the hope of giving a clearer picture on the mechanism 
of resection.  RPA localizes to DSBs fairly early (right after MRX), and remains there 




to HR more than just physically binding ssDNA. We are particularly interested in the role 
of RPA in vivo in both resection initiation and extensive resection, as well as whether it 
affects the polarity of resection. On the other hand, we want to understand how Sae2 
activates Mre11 nuclease activity and why Sae2 is so important to survive DNA damage. 
Answering these questions might also help us understand the essential role of CtIP in 







MATERIALS AND METHODS 




2.1 Media, growth conditions and yeast strains 
Rich medium (yeast extract–peptone–dextrose, YPD), synthetic complete (SC) medium 
and genetic methods were as described previously (Amberg, 2005). YP medium 
containing 2% lactate (YPL) was used for the galactose induction of HO and I-SceI. For 
G2/M arrest, nocodazole was added to the media to 15 µg/ml. Ura- cells were selected by 
growth on SC medium containing 5-fluoroorotic acid (5-FOA). CPT or MMS was added to 
SC or YPD medium, respectively, at the indicated concentrations. For survival assays, 
serial dilutions of log-phase cultures were spotted on plates and incubated for 2-3 days at 
30°. The yeast strains used were derived from W303 and are listed in Table 
2-1.The Ub-DHFRts-HA-Rfa1-AAAAAAAAG-YFP/CFP fusion (td-Rfa1-YFP/CFP), 
Dna2-AAAA-YFP and Exo1-4ala-YFP-AAVEL-YFP-RP-YFP was constructed using 
PCR-based allele replacement essentially as described (Lisby et al., 2004). W303 
derivatives were constructed by crossing isogenic strains present in our laboratory 
collection to produce haploid progeny of the indicated genotypes. For non-W303 strains, 
one-step gene replacement with PCR products was used to construct desired mutations. 
Transformation of yeast cells was by the lithium acetate method (Amberg, 2005). The 
mre11-P110L mutant was made by one-step gene replacement of an mre11::URA3 
strain with PCR fragment containing the mre11-P110L ORF and 500bp upstream and 
downstream homologous sequence, selecting for 5-FOA resistance. A NatMX cassette 




and inserted into the 3’ UTR of the mre11-P110L strain, 266bp downstream of the stop 
codon. The mre11-P110L and mre11-H37Y-YFP strains were made by two-step gene 
targeting of the MRE11-YFP strain (Lisby et al., 2004). First, a KlURA3 cassette flanked 
by 50 bp homologies to yeast genomic sequences was amplified from pWJ1064 and 
used to replace the N-terminal region of MRE11-YFP (-105bp to 855bp), selecting for 
Ura+ transformants. Second, the -500bp to 1325bp region of mre11-P110L or 
mre11-H37Y was amplified and used to replace the inserted KlURA3, selecting for 5-FOA 
resistant transformants and verified by DNA sequencing. 
 
2.2 Physical monitoring of end resection 
Physical analysis of HO-induced DSB end resection was as described previously 
(Mimitou and Symington, 2010b). Cells were grown in YPL and then galactose was 
added to a final concentration of 2% to induce HO expression.  For RPA depletion, cells 
were switched to 37°C 2 h before HO and UBR1 were induced. For the detection of the 
HO-cut fragment next to the break site, a probe was generated by PCR amplification of 
MAT sequences distal to the HO-cut site (coordinates 201176–201580 on chromosome 
III sequence). For the detection of the fragment 2.6 kb distal to the HO-cut site, the 
MAT-2.6 kb probe was used (coordinates 204184–204893 on chromosome III). A POX1 




band intensities using Image J (NIH). DSB end resection for each time point was 
estimated as a ratio of the signal intensity corresponding to that before induction and 
represents the mean of 3 independent experiments.  
 
2.3 Quantitative analysis of HO-induced DSB end resection by real-time PCR 
A real-time PCR assay (Zierhut and Diffley, 2008) using primers flanking the StyI site 0.7 
kb away from the HO cut site and the XbaI site 3 kb away was used to quantify end 
resection. A control primer pair was used to amplify a region on chromosome XV not 
containing StyI sites. 150 ng of genomic DNA was used for each digestion or mock 
digestion in a volume of 15 µl. DNA was diluted by adding 55 µl of ice-cold dH2O to each 
reaction and 8.8 µl was used for each real-time PCR reaction of 20 µl. PCRs were 
performed using FastStart universal SYBR Green master mix (Roche Applied Science) 
with the Mastercycler® ep realplex and corresponding software (Eppendorf).  The 
following program was used for all reactions: 95°C 10 min, 40 cycles of (95°C 15 s and 
58°C 60 s), melting curve 10 min. Triplicate reactions were performed for all primer pairs 
and an average threshold cycle value was then used for each sample. The fraction of 
DNA resected to 0.7 kb or 3 kb among HO cut DNA was given by x = 2/[(1+2ΔCt)*f], where 
ΔCt = Ct,digestion - Ct,mock , and f is the fraction cut by HO determined by southern blot 





2.4 Alkaline gel electrophoresis 
ssDNA intermediates were analyzed by alkaline gel electrophoresis as described 
(Mimitou and Symington, 2008). Three additional dsDNA probes (coordinates 
201864-202362, 204184–204893, 206829-207310 respectively on chromosome III) were 
used to determine the range of fragment r1b. MBN was used at 20U for 1 h at 30°C to 
treat StyI digested genomic DNA. 
 
2.5 Fluorescence microscopy 
Cells expressing YFP or CFP tagged proteins in RFA1 and td-RFA1 backgrounds were 
grown to OD600 = 0.1 in SC medium containing 2% raffinose at 25°C and arrested in 
G2/M phase by addition of nocodazole for 2 hours. The cultures were shifted to 37°C for 
2 hours prior to addition of 2% galactose to induce HO and Ubr1 in the td-RFA1 strains to 
facilitate degradation of td-Rfa1. Cells from liquid cultures were processed for 
fluorescence microscopy as described previously (Lisby et al., 2004; Mine-Hattab and 
Rothstein, 2012).  In each field of cells, 15 images were obtained at 0.3 µm intervals 
along the Z-axis to allow inspection of all focal planes of cells. Image acquisition time for 
DIC, YFP and CFP were 20 ms, 900 ms and 900 ms, respectively. 
MRE11-YFP cells were grown in liquid SC medium at 25°C to mid-log phase, treated 
with 40 Gy (Gammacell-220 irradiator containing 60Co) and processed for 




Yokagawa) inverted microscope (Eclipse Ti; Nikon) with a Hamamatsu EM-CCD camera 
and a 60X 1.4 NA objective was used for image acquisition. In each field of cells, 15 
images were obtained at 0.4 µm intervals along the Z-axis to allow inspection of all focal 
planes of cells. Image acquisition time for lightfield and YFP were 150 ms and 500 ms 
respectively. Images were analyzed using Micromanager and cells with one or more foci 
scored with maximum-intensity projection. 
 
2.6 Western blot analysis 
td-RFA1 strains were grown in YPL media at 23°C with CuSO4 added to a final 
concentration of 100 µM or at 37°C without adding CuSO4.  Galactose was added to a 
final concentration of 2% to induce UBR1 expression. Samples from different time points 
were collected and whole cell extracts were prepared by TCA precipitation and analyzed 
by SDS-PAGE and western blot with anti-S.c.Rfa1 (Agrisera), anti-Rad53 (gift from M. 
Foiani) and anti-Adh1 for loading control. Samples from indicated time points after MMS 
treatment were collected and whole cell extracts were prepared by TCA precipitation and 
analyzed by SDS-PAGE and western blot with anti-Rad53 antibodies. 
 
2.7 Genetic screens for mre11 mutations that suppress sae2Δ 




(Agilent Technologies) for 15-30 generation and purified plasmid DNA was used to 
transform mre11Δ sae2Δ cells. Transformants (3400 total) were tested for suppression of 
the sae2Δ CPT sensitivity. Potential clones were recovered from yeast, amplified in E. 
coli, re-screened and then subjected to DNA sequencing to identify the responsible 
mutations.  In the second screen, the N-terminal region (-132 bp to 882 bp) of the 
MRE11 ORF in pRS416-MRE11 was randomly mutagenized using GeneMorph II 
EZClone Domain Mutagenesis Kit (Agilent Technologies), transformed into mre11Δ 
sae2Δ cells and transformants directly replica plated onto medium containing 5ug/mL 
CPT. Survivors were further validated and then sequenced to identify the mutations.  For 
plasmids containing more than one mutation, each was individually created by 
site-directed mutagenesis of pRS416-MRE11 using QuickChange Lightning Multi 
Site-Directed Mutagenesis Kit (Agilent Technologies).  
 
2.8 In vivo hairpin-opening assay 
Recombination rates were derived from the median Lys+ recombination frequency 
determined from 8 isolates of each strain as previously described (Lobachev et al., 2002).  





2.9 FACS analysis 
Cells were grown to mid-log phase in YPD, incubated with 0.02% MMS for 2h, and 
released into fresh YPD. Samples from indicated time points before and after MMS 
release were collected, fixed with 70% ethanol, treated with RNase A and Proteinase K, 
stained with Sytox Green (Life technologies), sonicated briefly and run on the LSR 
Fortessa cytometer. Data were analyzed using FlowJo software. 
 
2.10 Chromosomal end joining assay 
The chromosomal end-joining assay was performed as previously described (Deng et al., 
2014). Cells were grown to mid-log phase in YPL and appropriate dilutions were then 
plated on YPL with 1% glucose or YPL with 1% galactose and incubated at 30°C for 3-5 
days. Survival frequency was determined by numbers of CFU on galactose divided by 
numbers of CFU on glucose plates. Ade+ events were exclusively MMEJ. Ade- events 
were further differentiated into NHEJ or MMEJ by PCR. 
 
2.11 Physical monitoring assays 
The single-strand annealing (SSA) and mating-type switching (MTS) assays were 
performed as previously described (Clerici et al., 2005; Mimitou and Symington, 2008) 




2.12 Co-immuniprecipitation (IP) and chromatin immunoprecipitation (ChIP)  
IP was performed as described previously using Mre11 polyclonal antibodies from rabbit 
serum (Krogh et al., 2005). Mre11 and Xrs2-myc were detected by Western blot using 
Mre11 and myc (Abcam) antibodies, respectively. ChIP was performed as described 
before except using Mre11 polyclonal antibodies (Donnianni et al., 2010). Multiplex PCRs 
for Mre11 immunoprecipitates were carried out for 27 cycles using primer pairs 
complementary to DNA sequences located 1 kb from the HO-cut site at the MATa locus 
and to DNA sequences located 66 kb from MATa (CON). Gel quantitation was 
determined using Quantity One software (Bio Rad). The relative fold enrichments of 
DSB-bound protein were calculated as follow: [DSB_IP/CON_IP]/[DSB_input/CON_input], 
where IP and Input represent the amount of PCR product in the immunoprecipitates and 
in input samples before immunoprecipitation, respectively. 
 
2.13 Purification of recombinant proteins and in vitro assays 
The P110L mutation was generated in Mre11 expression vector pTP391 by site-directed 
mutagenesis and the Mre11P110L-Rad50-Xrs2 complex purified from Sf9 cells as 
previously described (Cannavo et al., 2013). Yeast RPA and Exo1 were purified as 
previously described (Cannavo et al., 2013). DNA binding assays contained 25 mM 




mM ATP, 250 µg/ml BSA with either 1 nM ssDNA (100 nucleotides, 5’-end labeled) or 
dsDNA (100 base-pairs dsDNA, top strand 5’-end labeled) and the indicated amount of 
MRX or MP110LRX. Reactions were incubated at 30oC for 10 minutes and then analyzed 
by electrophoresis using 5% PAGE in 1x TAE at 4oC. The gel was dried and quantified 
using a Storm 860 PhosphorImager (GE Healthcare) with ImageQuant software. 
Nuclease assays were performed using the same buffer except with 2 mM MnCl2, 1 mM 
phosphoenolpyruvate (PEP) and 80 units/ml pyruvate kinase (PK), and with 2 nM 
(molecules) 5’ end-labeled dsDNA (50 bp). Reactions were incubated with 0.1 µM RPA 
and either 10 nM MRX or MP110LRX at 30oC for 0, 2, 5, 10, 30 minutes. Samples were 
analyzed by 15% PAGE with 7.5 M urea in 1x TBE at 4oC and the dried gel was 










Table 2-1 Yeast strains	  
Strain Genotype Source 
W1588-4C MATa (Zou and 
Rothstein, 
1997) 
W3784-6D MATa ADE2 bar1::LEU2 
URA3::CUP1-Ub-RFA1-YFP 
(Lisby et al., 
2004) 
LSY2409-2D MATα URA3::CUP1-Ub-RFA1-YFP 
ubr1::GAL-UBR1-MYC-HIS3 
This Study 
MKB6 MATα VIIL::ADE2-TG-HO site 
leu2::GAL1-HO-LEU2 
(Bhattacharyya 
et al., 2008) 

























MATα leu2::GAL1-HO-LEU2 hml::oripRS 
hmr::ampR exo1::KANMX6 
ubr1::GAL-UBR1-MYC-HIS3 
























IG62 MATa ADE2 DNA2-CFP This Study 
LSY2571-2A 
 



























W3819-5A MATa pif1-m2 (2nd ATG-Alanine) (Wagner et al., 
2006) 
LSY2582-5B MATα leu2::GAL1-HO-LEU2 hml::oripRS 






MATα leu2::GAL1-HO-LEU2 hml::oripRS 





MATα tel1::HphMX  leu2::GAL1-HO-LEU2  
hml::oripRS   hmr::ampR 
ubr1::GAL-UBR1-Myc-His3 
This Study 
LSY2730-17C MATα tel1::HphMX  leu2::GAL1-HO-LEU2  







LSY2774-1B MATα rev3::HIS3MX   leu2::GAL1-HO-LEU2  




LSY2699-7D MATα rad1::LEU2  leu2::GAL1-HO-LEU2  




LSY2757-5C MATα pol32::KANMX6  leu2::GAL1-HO-LEU2 




LSY2853-52D MATα leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  ubr1::GAL-UBR1-Myc-His3  
URA3::CUP1-Ub-RFA1-YFP  mec1::TRP1  
sml1::HIS3  tel1::hphMX 
This Study 
LSY2853-83A MATα leu2::GAL1-HO-LEU2  hml::oripRS   




MATa leu2::GAL1-HO-LEU2  hml ::oripRS   
hmr::ampR  mec1::TRP1 sml1::HIS3  
This Study 
LSY2853-92B MATα leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  mec1::TRP1 sml1::HIS3  
This Study 
LSY2853-80B MATa leu2::GAL1-HO-LEU2  hml::oripRS   




LSY2854-21C MATα leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  mre11-H125N 
This Study 
LSY2854-51A MATα mre11-H125N   leu2::GAL1-HO-LEU2  




LSY2850-56B MATα leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  ubr1::GAL-UBR1-Myc-His3 ADE2  
YFP-RAD51  RFA1-CFP   bar1::LEU2 
This Study 
LSY2851-47C MATα leu2::GAL1-HO-LEU2  hml::oripRS   
hmr ::ampR  ubr1::GAL-UBR1-Myc-His3 ADE2  






LSY2865-4C MATα ADE2 leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  ubr1::GAL-UBR1-Myc-His3  




MATα ADE2 leu2::GAL1-HO-LEU2  hml::oripRS   
hmr::ampR  ubr1::GAL-UBR1-Myc-His3 
URA3::CUP1-Ub-RFA1-CFP  bar1::LEU2  
EXO1-3xYFP 
This Study 
LSY1091 MATa sae2::KANMX6 (Mimitou and 
Symington, 
2010b) 
LSY2954-2B MATa mre11-P110L-NatMX4 This Study 
LSY2882-10A MATa mre11-P110L-NatMX4 sae2::KanMX6 This Study 
LSY2872-2A MATα rad50S::URA3 This Study 
LSY2872-1A MATa mre11-P110L-NatMX4 rad50S::URA3 This Study 
LSY779 MATa mre11::LEU2 (Moreau et al., 
1999b) 
LSY2719-2A MATα mre11::LEU2  sae2::KANMX6 This Study 
ALE94 MATα ade5-1 his7-2 leu2-3,112::p305L3 (LEU2) 
trp1-289 ura3 lys2::AluIR 
(Lobachev et 
al., 2002) 
ALE108 MATα ade5-1 his7-2 leu2-3,112::p305L3 (LEU2) 
trp1-289 ura3 lys2::AluIR sae2::HgrB 
(Lobachev et 
al., 2002) 
LSY2930 MATα ade5-1 his7-2 leu2-3,112::p305L3 (LEU2) 
trp1-289 ura3 lys2::AluIR mre11::TRP1 
This Study 
LSY2931 MATα a ade5-1 his7-2 leu2-3,112::p305L3 (LEU2) 
trp1-289 ura3 lys2::AluIR mre11::TRP1 sae2::HgrB 
This Study 
LSY2933-2B MATα sae2::KanMX6  exo1::URA3 
mre11-P110L-NatMX4 
This Study 
LSY2938 MATα sae2::KanMX6 exo1::URA3 This Study 
LSY3049-3B MATa sae2::KanMX6 yku70::HIS3 RAD5 This Study 
LSY2954-1C MATa mre11-P110L-NatMX4 yku70::HIS3 
sae2::KanMX6 
This Study 
YMV45 MAT::hisG hml::ADE1 hmr::ADE1 ade1 lys5 
ura3-52 trp1 ho ade3::GAL-HO leu2-cs leu2 
fragment inserted 4.6 kb upstream of leu2-cs  




MAT::hisG hml::ADE1 hmr::ADE1 ade1 lys5 
ura3-52 trp1 ho ade3::GAL-HO leu2-cs leu2 
fragment inserted 4.6 kb upstream of leu2-cs 
sae2::KanMX6 





LSY3089 MAT::hisG hml::ADE1 hmr::ADE1 ade1 lys5 
ura3-52 trp1 ho ade3::GAL-HO leu2-cs leu2 
fragment inserted 4.6 kb upstream of leu2-cs 
mre11-P110L-NatMX4 
This Study 
LSY3086 MAT::hisG hml::ADE1 hmr::ADE1 ade1 lys5 
ura3-52 trp1 ho ade3::GAL-HO leu2-cs leu2 
fragment inserted 4.6 kb upstream of leu2-cs 
sae2::KanMX6 mre11-P110L-NatMX4 
This Study 
LSY2917 MATa bar1::LEU2 This Study 
LSY2944-6A MATa bar1::LEU2 mre11-P110L-NatMX4 This Study 
LSY2918 MATa bar1::LEU2 sae2::KanMX6 This Study 
LSY2919 MATa bar1::LEU2 sae2::KanMX6 
mre11-P110L-NatMX4 
This Study 
LSY1996 MATa tel1::HphMX4 E. Mimitou 
LSY2870-3A MATa sae2::KanMX6 tel1::HphMX4 This Study 
LSY3051-4B MATa sae2::KanMX6 tel1::HphMX4 
mre11-P110L-NatMX4 
This Study 
LSY3051-3D MATα tel1::HphMX4 mre11-P110L-NatMX4  
LSY2363-28C MATa mec1::TRP1 sml1::HIS3 This Study 
LSY2363-32B MATα mec1::TRP1 sml1::HIS3 sae2::KanMX6 This Study 
LSY2988-1D MATa mec1::TRP1 sml1::HIS3 sae2::KanMX6 
mre11-P110L-NatMX4 
This Study 
LSY2988-10C MATa mec1::TRP1 sml1::HIS3 
mre11-P110L-NatMX4 
This Study 
W3483-10A MATa ADE2 MRE11-YFP bar1::LEU2 (Lisby et al., 
2004) 
LSY3036 MATa ADE2 MRE11-YFP bar1::LEU2 
sae2::KanMX6 
This Study 
LSY3037 MATa ADE2 mre11-P110L-YFP bar1::LEU2 
sae2::KanMX6 
This Study 
LSY3128 MATa ADE2 mre11-H37Y-YFP bar1::LEU2 
sae2::KanMX6 
This Study 
LSY3029 MATa ADE2 mre11-P110L-YFP bar1::LEU2 This Study 
LSY3085 MATa ADE2 mre11-H37Y-YFP bar1::LEU2 This Study 
LSY3245-11A MATa ADE2 MRE11-YFP bar1::LEU2 
tel1::HphMX4 
This Study 
LSY3245-1C MATα ADE2 MRE11-YFP bar1::LEU2 
sae2::KanMX6 tel1::HphMX4 
This Study 





LSY3246-6C MATα ADE2 mre11-P110L-YFP bar1::LEU2 
sae2::KanMX6  tel1::HphMX4 
This Study 
LSY3079-10D MATa leu2::GAL1-HO-LEU2 hml::oripRS 
hmr::ampR 
This Study 
LSY3079-16A MATa  leu2::GAL1-HO-LEU2 hml::oripRS 
hmr::ampR sae2::KanMX6 
This Study 








LSY3088 MATα lys2::pGAL-ISceI ade2-ISIR-14MH This Study 
LSY3141-16D MATα lys2::pGAL-ISceI ade2-ISIR-14MH 
sae2::KanMX6 
This Study 
LSY3173-4A MATα lys2::pGAL-ISceI ade2-ISIR-14MH 
mre11-P110L-NatMX4 
This Study 
LSY3173-1C MATα lys2::pGAL-ISceI ade2-ISIR-14MH 
sae2::KanMX6 mre11-P110L-NatMX4 
This Study 
LSY785 MATa yku70::HIS3 (Mimitou and 
Symington, 
2010b) 
LSY3181-4B MATα sae2::KanMX6 yku70::HIS3 exo1::URA3 This Study 
LSY3180-2B MATα ade3::GAL1-HO sae2::KanMX6 This Study 
LSY3180-3C MATα ade3::GAL1-HO mre11-P110L-NatMX4 This Study 








LSY3184 MATa/MATα This Study 




LSY3187 MATa/MATα sae2::KanMX6/sae2::KanMX6  
MRE11/mre11-P110L-NatMX4 
This Study 






LSY3189 MATa/MATα sae2::KanMX6/ sae2::KanMX6  
mre11- P110L-NatMX4/mre11::LEU2 
This Study 
LSY3190 MATa/MATα sae2::KanMX6/sae2::KanMX6 
MRE11/mre11::LEU2 
This Study 
   
*All strains listed here are of the W303 background (trp1-1 his3-11,15 can1-100 ura3-1 
leu2-3,112 ade2-1 RAD5), unless otherwise indicated. Only the mating type and 
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Replication Protein A (RPA) is an essential eukaryotic single-stranded DNA binding 
protein with a central role in DNA metabolism. RPA directly participates in DNA 
double-strand break repair by stimulating 5’-3’ end resection by the Sgs1/BLM helicase 
and Dna2 endonuclease in vitro. Here we investigated the role of RPA in end resection in 
vivo, using a heat-inducible degron system that allows rapid conditional depletion of RPA 
in Saccharomyces cerevisiae. We found that RPA depletion eliminated both the 
Sgs1-Dna2 and Exo1-dependent extensive resection pathways, and synergized with 
mre11Δ to prevent end resection. The short single-stranded DNA tails formed in the 
absence of RPA were unstable due to 3’ strand loss and the formation of fold-back 
hairpin structures that required resection initiation and Pol32-dependent DNA synthesis. 
Thus, RPA is required to generate ssDNA, and also to protect ssDNA from degradation 
and inappropriate annealing that could lead to genome rearrangements.  
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3.2 INTRODUCTION 
Accidental double-strand breaks (DSBs) are highly cytotoxic lesions that must be 
accurately repaired to maintain genome integrity. There are two main mechanisms to 
repair DSBs: non-homologous end joining (NHEJ) and homologous recombination (HR) 
(Krogh and Symington, 2004). HR relies on the presence of an intact homologous duplex, 
usually the sister chromatid, to serve as a template for repair of the broken chromosome 
and is generally considered to be an error-free mechanism. In contrast, the direct ligation 
of DNA ends by NHEJ can lead to gain or loss of nucleotides at the junction. The 
association of several human cancer predisposition syndromes with defects in the 
recognition and repair of DSBs underscores the importance of DSB repair mechanisms 
(Chu and Hickson, 2009; Roy et al., 2012; Stracker and Petrini, 2011).  
HR initiates by nucleolytic degradation of the 5’ strands of DSBs to yield 3’ 
single-stranded DNA (ssDNA) tails that function to prime DNA synthesis after 
Rad51-catalyzed strand invasion of an intact homologous duplex (Krogh and Symington, 
2004). RPA is initially bound to the ssDNA generated by resection and is frequently used 
as a cytological marker for DNA end processing in vivo (Barlow et al., 2008; Gasior et al., 
1998; Raderschall et al., 1999). Furthermore, RPA-bound ssDNA recruits the Mec1-Ddc2 
complex (ATR-ATRIP in human) for activation of the DNA damage checkpoint in 
response to DSBs (Zou and Elledge, 2003). Genetic studies in S. cerevisiae have shown 
that the Mre11-Rad50-Xrs2 (MRX) complex and Sae2 can initiate end resection by 
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removal of oligonucleotides from the 5’ ends to form short 3’ ssDNA tails, or act indirectly 
through recruitment of the Exo1 5’-3’ exonuclease, Sgs1 helicase and Dna2 
endonuclease (Mimitou and Symington, 2008, 2010b; Shim et al., 2010; Zhu et al., 2008). 
Extensive resection to generate long 3’ ssDNA tails requires Exo1 or Sgs1 in 
collaboration with Dna2 (Gravel et al., 2008a; Mimitou and Symington, 2008; Zhu et al., 
2008).  
Reconstitution of the Sgs1/BLM-Dna2 and WRN-Dna2 resection mechanisms in 
vitro revealed an essential role for replication protein A (RPA) to promote duplex DNA 
unwinding by Sgs1/BLM or WRN, and to enforce the 5’-3’ resection polarity of Dna2 
(Cejka et al., 2010; Nimonkar et al., 2011; Niu et al., 2010; Yan et al., 2011). Dna2 can 
degrade both 5’ and 3’ flaps in vitro, but in the presence of RPA the 5’ endonuclease 
activity of Dna2 is stimulated and the 3’ endonuclease activity is attenuated (Bae and Seo, 
2000; Cejka et al., 2010; Masuda-Sasa et al., 2008; Nimonkar et al., 2011; Niu et al., 
2010; Yan et al., 2011). In vivo, DNA end resection is predominantly 5’-3’ although some 
3’ strand loss has been reported (White and Haber, 1990; Zierhut and Diffley, 2008). The 
role of RPA in Exo1-mediated resection remains controversial. In one study with S. 
cerevisiae proteins, RPA was shown to be dispensable for Exo1 resection (Nicolette et al., 
2010), but a study using the human proteins reported a stimulatory effect of RPA on Exo1 
nuclease activity (Nimonkar et al., 2011). 
In addition to the role in end resection, RPA is required for Rad51-mediated 
	  
	   45	  
strand exchange in vitro. It has been suggested that RPA removes secondary structures 
from ssDNA to allow assembly of a contiguous Rad51-ssDNA nucleoprotein filament, and 
it stimulates strand exchange by sequestering protein-free ssDNA that can inhibit the 
Rad51 pairing reaction (Eggler et al., 2002; Sugiyama et al., 1997; Van Komen et al., 
2002). However, RPA impedes Rad51 binding if added to ssDNA prior to Rad51 and the 
Rad52 mediator protein is required to overcome the RPA inhibitory effect (New et al., 
1998; Shinohara and Ogawa, 1998; Sung, 1997). Rad52 binds directly to RPA and 
Rad51, and is thought to facilitate nucleation of Rad51 on RPA-coated ssDNA (Seong et 
al., 2008; Song and Sung, 2000; Sugiyama and Kowalczykowski, 2002). In addition, 
Rad52 stimulates ssDNA annealing and is able to overcome the inhibitory effect of RPA 
on this process (Mortensen et al., 1996; Sugiyama et al., 1998).  
Because the genes encoding each subunit of the heterotrimeric RPA complex 
(RFA1, RFA2 and RFA3) are essential in S. cerevisiae (Brill and Stillman, 1991), 
investigating the biological relevance of RPA functions in HR has relied on the use of 
hypomorphic alleles. The rfa1-44 allele was identified in a screen for mutants with 
reduced frequencies of DSB-induced recombination, and shown to confer sensitivity to 
ultraviolet and ionizing radiation (Firmenich et al., 1995). Genetic screens for conditional 
mutations of RFA1 recovered several alleles (rfa1-M2, rfa1-t11 and rfa1-t48) that impart 
sensitivity to DNA damaging agents, and reduce mitotic and meiotic recombination 
(Longhese et al., 1994; Soustelle et al., 2002; Umezu et al., 1998). The rfa1-D228Y 
	  
	   46	  
mutation was shown to suppress the requirement for Rad52 in DSB-induced 
single-strand annealing between direct repeats, suggesting that Rad52-catalyzed 
annealing of ssDNA is no longer needed when RPA is defective (Smith and Rothstein, 
1999). Of the hypomorphic rfa1 mutants tested (rfa1-t11, rfa1-t48 and rfa1-D228Y), none 
exhibit defects in end resection suggesting they are compromised at a later step of HR 
(Lee et al., 1998; Smith and Rothstein, 1999; Soustelle et al., 2002). Therefore, to 
investigate the role of RPA in end resection we chose to conditionally ablate the Rfa1 
subunit of the complex in vivo. 
 
3.3 RESULTS 
3.3.1 RPA is required for extensive resection 
To circumvent the lethality of RPA knockout strains, we employed a heat-inducible 
degron system that renders the Rfa1 protein temperature degradable (td) (Figure 3-1) 
(Lisby et al., 2004; Sanchez-Diaz et al., 2004; Zou and Elledge, 2003). The promoter 
region of the endogenous RFA1 locus was replaced by a CUP1 driven degron cassette 
and the C-terminus of RFA1 was tagged with YFP (Lisby et al., 2004). UBR1 was 
expressed under the GAL1-10 promoter to facilitate proteolysis of the degron-fused Rfa1. 
The efficiency of RPA depletion at 37°C was verified by cell growth and western blot 
analysis (Figure 3-1). We analyzed resection of an HO endonuclease-induced DSB at the 
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Figure 3-1. Temperature-dependent depletion of td-Rfa1 
 (A) Schematic of the td-RFA1 degron cassette in the yeast strain expressing PGAL1-UBR1. (B) The td-RFA1 
strain fails to grow at 37°C on galactose-containing medium. (C) Rapid depletion of Rfa1 after addition of 
galactose to the growth medium as assayed by Western blot; anti-Adh1 was used as a loading control.  
 
MAT locus in strains with an integrated PGAL1-HO fusion and deletions of the HML and 
HMR loci to prevent repair of the DSB by gene conversion (Zierhut and Diffley, 2008). 
Resection beyond the StyI and XhoI sites located 0.7 and 2.6 kb centromere distal to the 
DSB, respectively, was monitored after HO induction (Figure 3-2A). As resection 
proceeds, restriction enzyme sites in proximity to the DSB become single stranded and 
are resistant to digestion, which results in the disappearance of the corresponding 
restriction fragments over time (Zhu et al., 2008). Thus, the rate of band disappearance 
corresponds to the rate of resection. Resection assays were performed at 37°C, the 
restrictive temperature for the td-RFA1 strains. The td-Rfa1-YFP fusion protein functions 
as wild type at the permissive temperature, indicating that the N-terminal degron and 
C-terminal YFP fusions do not interfere with RPA function (Figure 3-2D).  
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Figure 3-2. RPA is essential for both extensive resection pathways 
(A) Schematic representation of the band disappearance assay for DSB end resection. Red bars show the 
location of the two probes used for hybridization. (B), (D) Southern blot analysis of the StyI-XhoI digested 
genomic DNA from indicated strains taken at different time points after HO induction, showing resection 0.7 
kb and 2.6 kb from the DSB. The bracket indicates the smeared products observed in the td-RFA1 derivatives 
and the sgs1Δ exo1Δ mutant. (C) Quantification of the 2.4 kb fragment located 2.6 kb from the DSB by the 
ratio at each time point to 0 h. The mean values from 3 independent trials are plotted and error bars show SD.  
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To determine the role of RPA in the two extensive-resection pathways, RPA 
depletion was conducted in the sgs1Δ or exo1Δ background, where the alternative 
pathway is non functional. Similar to the sgs1Δ exo1Δ double mutant, both td-RFA1 
sgs1Δ and td-RFA1 exo1Δ strains exhibited resection defects: smeared products were 
apparent below the HO cut band (Figure 3-2B), and the restriction fragment 2.6 kb distal 
to the HO cut site remained stable for up to 5 h after HO induction (Figure 3-2B, C). 
Consistent with Dna2 acting together with Sgs1 during extensive resection, depletion of 
RPA in the dna2Δ background caused a similar resection phenotype to that seen in the 
td-RFA1 sgs1Δ mutant (Figure 3-2D). The dna2Δ strains used carry the pif1-m2 allele to 
suppress the lethality caused by loss of Dna2 (Budd et al., 2006).  
 
	  
Figure 3-3. Resection kinetics shown by qPCR 
Left: Schematic representation of the quantitative PCR method to monitor HO-induced DSB end resection. 
Right: Plot showing the ratio of resected DNA amongst HO cut DNA at each time point by qPCR analysis. 
The mean values from 3 independent trials are plotted and error bars show SD.  
 
	  
	   50	  
To better quantify resected DNA we employed a qPCR-based method (Zierhut 
and Diffley, 2008) (Figure 3-3). Primers were designed flanking restriction enzyme sites 
0.7 and 3.0 kb from the HO cut site and the PCR products from digested and mock 
treated genomic DNA were compared. Again, the td-RFA1 sgs1Δ and td-RFA1 exo1Δ 
cells showed reduced resection at both sites, similar to the sgs1Δ exo1Δ mutant (Figure 
3-3). These data suggest that RPA is essential for resection by both Sgs1-Dna2 and 
Exo1-dependent pathways. Consistent with this view, extensive resection in the td-RFA1 
single mutant was similar to the sgs1Δ exo1Δ mutant (Figure 3-2B, C, 3-3).   
 
3.3.2 Cell cycle progression and checkpoint activation in the absence of RPA 
Because end resection is low in G1 cells and is activated in S/G2, the reduced resection 
observed in the td-RFA1 strains could be due to cell cycle delays as a result of the 
replication defect (Aylon et al., 2004; Ira et al., 2004). To address this, resection of wild 
type and td-RFA1 strains was monitored at 37°C in G2/M arrested cells. Although 
wild-type cells displayed less efficient resection under this condition compared to cycling 
cells, the smearing below the HO cut band and persistence of the restriction fragment 2.6 
kb distal to the HO cut site were still seen in the td-RFA1 cells (Figure 3-4A). Furthermore, 
the FACS profiles of cycling cells used for resection assays showed most cells 
accumulated with a 2C DNA content following RPA depletion (Figure 3-4B). Thus, the 
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resection defect in the absence of RPA is not due to cell cycle defects.  
A previous study showed that RPA bound to ssDNA is required for recruitment of 
Mec1-Ddc2/ATR-ATRIP to damage sites, and to activate the Mec1/ATR kinase (Zou and 
Elledge, 2003). In budding yeast, Rad53/Chk2 is the effector kinase for both Mec1 and 
Tel1 in response to DSBs (Harrison and Haber, 2006). The G2/M arrest of RPA depleted 
cells following HO induction indicates that the DNA damage checkpoint is intact and 
Rad53 phosphorylation increased in the td-RFA1 strain following DSB formation (Figure 
3-4C). Rad53 phosphorylation was apparent prior to HO induction suggesting activation 
of the replication checkpoint before RPA is completely depleted from cells.  
Phosphorylation of Rad53 was abolished in the td-RFA1 mec1Δ mutant indicating that 
low levels of RPA and short ssDNA tails are sufficient to activate Mec1-Ddc2. 
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Figure 3-4. The resection defect of the td-RFA1 strain is independent of cell-cycle phase 
(A) Cells were synchronized in G2/M prior to addition of galactose to induce HO and degrade Rfa1. Southern 
blot analysis of the StyI-XhoI digested genomic DNA from indicated strains taken at different time points after 
HO induction, showing resection 0.7 kb and 2.6 kb from the DSB.  The mean values from 3 independent 
trials are plotted and error bars show SD. The G2/M arrest was confirmed by FACS analysis.  (B) FACs 
analysis of the unsynchronized cells used for the resection assays shown in Figures 3-2 and 3-4. (C) Rad53 
activation of unsynchronized cells at different time points after HO induction in the indicated strains.  
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3.3.3 Mre11 and Sae2 are required for resection initiation in the absence of RPA 
Smearing below the HO cut band signifies resection initiation in the absence of extensive 
resection (Figure 3-2). To investigate whether end processing initiates by MRX-Sae2 
when RPA is depleted, resection was monitored by band disappearance and qPCR in 
td-RFA1 mre11Δ and td-RFA1 sae2Δ cells (Figure 3-5A, B). Compared to the single 
mutants, the td-RFA1 mre11Δ and td-RFA1 sae2Δ double mutants displayed a further 
reduction in end resection, to a lower level than observed for the sgs1Δ exo1Δ strain 
(Figure 3-5B). These data are consistent with MRX-Sae2 and RPA functioning at different 
steps of resection. At early time points (30 and 60 min) RPA was still detected by 
Western blot analysis (Figure 3-1); thus, Exo1 might be responsible for the residual 
resection in the absence of MRX and Sae2 (Mimitou and Symington, 2010b; Shim et al., 
2010).  
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Figure 3-5. MRX-Sae2 and RPA act sequentially in end resection  
A synergistic defect of td-RFA1 and mre11Δ or sae2Δ in resection was seen by both the band disappearance 
assay (A) and qPCR (B). Plot showing the ratio of resected DNA (0.7 kb fragment) amongst the HO cut DNA 
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3.3.4 RPA protects the 3’ ssDNA tails from degradation 
The smeared products observed in the td-RFA1 derivatives showed a broader distribution 
than the products seen in the sgs1Δ  exo1Δ mutant suggesting resection initiation is 
altered. To determine whether the 5’-3’ polarity of resection is retained in the absence of 
RPA we performed denaturing alkaline gel electrophoresis of XbaI-digested genomic 
DNA, followed by Southern blot hybridization with RNA probes specific for the 5’ or 3’ 
strands 0.2-0.7 kb to the right of HO cut site (Figure 3-6A, B). End resection renders the 
DNA single-stranded and resistant to digestion by XbaI resulting in a ladder of higher 
molecular weight fragments, one end of which corresponds to the HO site and the other 
where the DNA is still double-stranded and cut by XbaI. The 3’ specific probe hybridizes 
to fragments of discrete mobility because the 3’ ends are largely intact; the 5’ specific 
probe hybridizes to the smeared partially processed ends that are stabilized in the 
absence of extensive resection (both probes also recognize the uncut and unresected cut 
bands). Surprisingly, smeared products below the HO cut band were detected with both 
probes in the td-RFA1 cells, revealing abnormal 3’ strand degradation.  
Because RPA enforces the 5’ strand specificity of resection in vitro through its 
interaction with Dna2 endonuclease it seemed likely that the 3’ strand degradation was 
due to unrestricted Dna2 activity (Bae and Seo, 2000; Cejka et al., 2010; Masuda-Sasa et 
al., 2008; Niu et al., 2010). The 3’ strand degradation was still evident in the td-RFA1 
dna2Δ mutant, indicating that it is independent of Dna2 (Figures 3-6A and 3-10). 
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However, the 3’ ends were stabilized in the absence of Mre11 (Figure 3-6A). As noted 
above, Mre11 is required for resection initiation in the td-RFA1 strains, suggesting that 5’ 
degradation precedes 3’ end removal. To test directly for the formation of 3’ or 5’ 
overhangs, StyI digested genomic DNA from sgs1Δ exo1Δ and td-RFA1 cells was 
separated by neutral gel electrophoresis, transferred without denaturation and then 
hybridized with 3’ or 5’ strand-specific probes (Sun et al., 1991). Although 3’ ends were 
detected in both strains, no signal was obtained from the 5’ specific probe (Figure 3-6C). 
Therefore, the polarity of end resection is retained in the absence of RPA, and RPA 
shields the 3’ ssDNA overhangs generated by MRX-Sae2 from nucleolytic attack. 
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Figure 3-6. RPA is required to shield the 3’ ssDNA tails from nucleolytic degradation  
(A) Both 3’ and 5’ end degradation were observed (R1a) when Rfa1 was depleted. Alkaline electrophoresis of 
XbaI-digested genomic DNA from different time points after HO induction. ssDNA intermediates were 
detected by 3’ or 5’ strand specific RNA probes spanning the region from 0.2 kb to 0.7 kb distal of the HO cut 
site. (B) Schematic showing alkaline gel analysis of genomic DNA digested by XbaI. Possible DNA 
intermediates formed after HO cutting and resection are shown. The black bar shows the location of the 
probe used. The thin gray lines represent fragments detected by 3’ strand specific probe. (C) Only 3’ tails 
were detected in sgs1Δ exo1Δ and td-RFA1 cells. StyI digested genomic DNA was run on a neutral gel, 




	   58	  
3.3.5 RPA is required for Dna2 and Rad51 localization to DSBs 
Since previous studies have shown RPA and Dna2 physically interact (Bae et al., 2003), 
we considered the possibility that Dna2 is poorly recruited to DSBs in the td-RFA1 strain. 
To test this hypothesis, we used epifluorescence microscopy to monitor Dna2-CFP 
localization in td-RFA1-YFP cells and RFA1-YFP cells after HO induction. Because RPA 
and Dna2 also participate in DNA replication, cells were synchronized in G2/M with 
nocodazole for 4 h prior to HO induction to eliminate interference from replication foci. 
While ~50% of the cells displayed a Dna2-CFP focus co-localizing with a Rfa1-YFP focus 
2 h after HO induction, only 10% of the cells had a detectable CFP focus when Rfa1 was 
depleted (Figure 3-7A, B).  The residual Dna2 foci detected in the td-RFA1 strain 
showed very low levels of Rfa1 when the contrast of the images was increased by 8-fold. 
These data suggest that recruitment of Dna2 to DSB sites is largely dependent on RPA.  
 Although no physical interaction between RPA and Exo1 has been reported, to 
gain some insight into the role of RPA in Exo1-catalyzed end resection we monitored the 
localization of Exo1-YFP to DSBs in RFA1-CFP and td-RFA1-CFP strains. Prior to DSB 
formation about 8% of cells displayed spontaneous Exo1 foci of which ~40% co-localized 
with RPA (Figure 3-7C, D). Exo1 foci increased after HO induction, but with only 30% 
positive for RPA. Following Rfa1 depletion the number of cells with Exo1 foci increased 
before and after HO induction.  Notably, many Exo1 foci showed no detectable Rfa1 
staining, even when the contrast of the CFP channel was increased. Thus, RPA is not 
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required for Exo1 recruitment to DSBs. 
	  
Figure 3-7. RPA is required for Dna2 but not for Exo1 localization to DSBs  
(A) Epifluorescence microscopy showing DSB induced foci formation of YFP-tagged Rfa1 or td-Rfa1 and 
Dna2-CFP in G2/M arrested cells. Arrowheads indicate foci. Scale bar is equal to 3 µm. (B) Quantitation of 
Dna2-CFP foci. The percentage of cells with Dna2 foci was quantitated for the experiment shown in panel A, 
of which more than 90% co-localized with RPA. (C) Exo1 focus formation is independent of Rfa1. Exo1-YFP 
and Rfa1-CFP or td-Rfa1-CFP were monitored before and after HO expression in G2-M-arrested cells. The 
left panel shows Rfa1-CFP cells and the right panel shows td-Rfa1-CFP cells. (D) Quantitation of Exo1 and 
Rfa1 foci.  
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 A previous study showed Rad52 fails to localize to DSBs when Rfa1 is depleted. 
Since Rad52 is required for Rad51 recruitment to DSBs (Lisby et al., 2004), it seemed 
likely that Rad51 localization would also be dependent on RPA.  On the other hand, if 
the role of Rad52 is to overcome the inhibition to Rad51 binding by RPA then in the 
absence of RPA a mediator might not be required. We found a significant decrease in the 
number of cells with DSB-induced YFP-Rad51 foci following Rfa1 depletion, indicating an 
essential role for RPA in the recruitment of Rad51 (Figure 3-8). 
 
	  
Figure 3-8. RPA is required for Rad51 loading to DSBs 
 (A) Epifluorescence microscopy showing DSB induced foci formation of CFP-tagged Rfa1 or td-Rfa1 and 
YFP-tagged Rad51 two hours after adding galactose at 37°C. Scale bar is equal to 3 µm. (B) Quantitation of 
YFP-Rad51 foci. The percentage of cells with Rad51 foci was quantitated for the experiment shown in panel 
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3.3.6 Formation of hairpin structures in the absence of RPA 
In addition to smearing below the HO cut band, we detected some unexpected DNA 
species sized from about 5 to 6 kb in the td-RFA1 derivatives that hybridized to both 3’ 
and 5’ strand specific probes (Figure 3-6A). These cannot be due to 3’ tailed resection 
intermediates because the 5’ strand-specific probe would not be able to anneal to 
products with resection beyond the XbaI site located 3 kb from the HO cut site. To further 
characterize these intermediates, DNA was digested with StyI and hybridized with 
different probes that recognize sequences further from the DSB. Resection intermediates 
of 5 kb (r2), 5.7 kb (r3), 6.8 kb (r4) and 10 kb (r5) were detected in the wild-type strain by 
the 3’ strand specific probe close to the HO site (Figure 3-9). In the td-RFA1 strain, the r2 
intermediate, indicative of a ssDNA tail of >0.7 kb and <5 kb, was detected, and a novel 
band migrating at around 9 kb (r2b). In addition, several DNA intermediates were 
detected between the 0.7 kb cut and 1.8 kb uncut fragments (r1b). Using three additional 
dsDNA probes at different positions distal to the HO cut site (Figure 3-9A, B), we were 
able to narrow down the range of the r2b band to be within 5.7 kb from the HO cut site, 
approximately half of its apparent size by alkaline gel electrophoresis. These findings 
suggest a stem-looped structure is formed during resection in the absence of RPA, which 
is denatured under alkaline electrophoresis conditions and appears as almost twice the 
size of the r2 fragment (Figure 3-9A). Similarly, the r1b species only hybridize with the 
probe located 0.2 to 0.7 kb from the HO cut site indicating they are due to fold-back 
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structures formed within the 0.7 kb cut fragment. Consistent with this hypothesis, 
treatment of StyI digested DNA with mung bean nuclease (MBN), which cleaves ssDNA, 
was able to eliminate most of the aberrantly-sized species and cause further smearing 
below the HO cut fragment (Figure 3-9C).  
	  
Figure 3-9. RPA prevents the formation of fold-back structures 
(A) Schematic showing alkaline gel analysis of genomic DNA digested by StyI. Possible DNA intermediates 
formed after HO cutting and resection are shown. The red bars show the locations of the probes used. The 
red lines represent fragments detected by the 3’ strand specific probe close to the HO cut site. (B) Four 
different dsDNA probes were used to determine the range of fragments r1b and r2b. (C) Alkaline 
electrophoresis of the StyI-digested genomic DNA from different time points after HO induction. ssDNA 
intermediates were detected by the 3’ strand specific RNA probe. r1b and r2b bands can be eliminated by 
mung bean nuclease treatment of StyI-digested DNA. (D) Schematic showing the formation of hairpins. 
Alkaline electrophoresis of the StyI-digested genomic DNA from different mutants showing their contribution 
to hairpin formation.  
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Previous studies have shown that hairpin capped DNA ends are stable in the 
absence of the MRX complex and Sae2 (Lobachev et al., 2002; Rattray et al., 2005). The 
td-RFA1 mre11Δ, td-RFA1 mre11-H125N (Mre11 nuclease defective) and td-RFA1 
sae2Δ strains showed reduced accumulation of the r2 intermediate due to the resection 
defect, and the r2b fold-back was undetectable; however, the 1.3 kb r1b intermediate was 
present at higher levels than expected based on the severe resection defect of the strains, 
consistent with stabilization of fold-back structures in the absence of Mre11 nuclease and 
Sae2 (Figure 3-9D, 3-10). MRX-Sae2 cleavage of ssDNA within the fold-back structure 
prior to or after ligation could contribute to loss of the 3’ ends seen in the absence of RPA. 
The 3’ end degradation and fold-back structures were unaffected by exo1Δ or dna2Δ 
(Figure 3-10).  
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Figure 3-10. Abnormal 3’ degradation and formation of fold-back structures are independent of Exo1, 
Dna2 and Rad1 
(A) Alkaline electrophoresis of XbaI-digested genomic DNA from different time points after HO induction. 
ssDNA intermediates were detected by 3’ or 5’ strand specific RNA probes spanning the region from 0.2 kb to 
0.7 kb distal of the HO cut site. (B) Alkaline electrophoresis of the StyI-digested genomic DNA from different 
time points after HO induction in the indicated strains. ssDNA intermediates were detected by the 3’ strand 
specific RNA probe. 
 
 
Several short (5 to 9-bp) inverted repeats with the potential to form fold-back 
structures are present within the 3’ tail formed by resection from the HO cut site (Figure 
3-9D, Figure 3-11). As the repeats are internal to the terminus, after annealing of the 
inverted repeats the 3’ end would need to be trimmed to create a substrate for DNA 
synthesis and ligation to form a hairpin that would be denatured in the alkaline gel. To test 
the requirement for DNA synthesis we used a strain lacking the non-essential subunit of 
the DNA polymerase δ and ζ complexes, Pol32 (Johansson et al., 2004; Johnson et al., 
2012; Makarova et al., 2012). A previous study had shown that micro-homology mediated 
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end joining is defective in the pol32Δ mutant suggesting Pol32-dependent DNA synthesis 
stabilizes annealed micro-homologies (Lee and Lee, 2007). The r2b intermediate was not 
detected in the td-RFA1 pol32Δ mutant and the bands corresponding to the r1b 
intermediates were greatly reduced (Figure 3-9D). Importantly, 3’ degradation was also 
reduced in the td-RFA1 pol32Δ mutant indicating 3’ strand loss occurs during formation of 
the fold-back structures. Fold-back structures were still apparent in td-RFA1 rev3Δ cells; 
therefore, the Pol32 requirement is through its association with DNA Pol δ. 
 
	  
Figure 3-11. Potential stem loop structures within the 3’ tail formed by resection from the HO cut site 
The left panel shows the putative r1b intermediates and the right panel r2b intermediates as predicted by 
GeneBee.  
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3.4 DISCUSSION 
Here we demonstrate the importance of RPA binding to ssDNA to remove secondary 
structure, to protect ssDNA from nucleases, to recruit Dna2 and to promote extensive 
resection in vivo (Figure 3-12). The ssDNA formed by MRX-dependent resection initiation 
can adopt secondary structure by intramolecular pairing between short repeats present in 
the 3’ ssDNA overhang, a process that is normally prevented by RPA. We suggest that 
after annealing of inverted repeats the unpaired 3’ flap is trimmed to create a primer for 
DNA synthesis, the 3’ end can then be extended and ligated to the resected 5’ end 
generating a hairpin capped end (Figure 3-12). The fold-back structures were reduced in 
the td-RFA1 pol32Δ strain, consistent with the requirement for DNA synthesis (Figure 
3-9D). That DNA synthesis occurs in the absence of RPA is surprising, and the low level 
of fold-back structures might be due to inefficient DNA synthesis following RPA depletion 
(Wold, 1997). The inverted repeats identified within the 3’ ssDNA overhang would all 
require 3’ flap trimming in order to initiate DNA synthesis (Figure 3-11). This role would 
normally be carried out by the proofreading function of Pol δ (for short flaps) or by the 
Rad1-Rad10 nuclease (Paques and Haber, 1997). However, we did not detect a defect in 
the accumulation of fold-back structures in the td-RFA1 rad1Δ mutant (Figure 3-10). 
Rad1-Rad10 is only required for flap removal during single-strand annealing when Rad51 
is present (Manthey and Bailis, 2010), and since we found no Rad51 foci following RPA 
depletion the failure to recruit Rad51 might bypass the need for flap trimming by 
	  
	   67	  
Rad1-Rad10 (Figure 3-8). 
The 5’-3’ polarity of end resection was retained in the absence of RPA, but the 
short 3’ ssDNA overhangs generated were degraded over time (Figure 3-6). The 3’ 
degradation appears to result from the formation of stabilized fold-back structures 
because it was reduced by the pol32Δ mutation. Mre11 and Sae2 are important to form 
fold-back structures through their roles in resection, and may also act to destroy fold-back 
structures by endonucleolytic cleavage of the hairpin ends. The largest of the r1b bands, 
which would require the least resection and is predicted to have a 9 bp loop, was 
preserved in the td-RFA1 mre11 and td-RFA1 sae2Δ mutants (Figures 3-9, 3-10 and 
3-11). In previous studies showing stabilization of hairpin-capped ends in the absence of 
the MRX complex, the Mre11 nuclease or Sae2, the inverted repeats were located less 
than 12 nt apart (Lobachev et al., 2002; Rattray et al., 2005). It is possible that fold-back 
structures with longer loops, such as r2b, are susceptible to cleavage by nucleases other 
than Mre11. We favor the hypothesis that Mre11 promotes 3’ end loss by clipping 
fold-back structures rather than exonucleolytic degradation of 3’ ends because the 
td-RFA1 mre11-H125N and td-RFA1 sae2Δ mutants exhibit a similar phenotype. 
Opening of the hairpin-capped end by MRX-Sae2 would create a new substrate for 
initiation of end resection and might account for the MRX-Sae2 dependent resection 
of >700 nt observed in the td-RFA1 strain. 
The formation of hairpin capped DNA ends via short inverted repeats is expected 
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to be extremely rare because RPA is normally present to prevent their formation. 
Nevertheless, palindromic gene amplification at uncapped telomeres and HO-induced 
DSBs has been reported, and is proposed to occur by pairing between closely spaced 
short (4-11 bp) inverted repeats within the 3’ tail formed by end resection to form a hairpin 
structure after DNA synthesis and ligation of the 3’ and 5’ ends (Maringele and Lydall, 
2004; Rattray et al., 2005). Palindromes result from replication through the 
hairpin-capped end in the next cell cycle. The palindromic events at an HO-induced DSB 
were only detected in the absence of the MRX complex, the Mre11 nuclease or Sae2, 
consistent with hairpin opening by MRX-Sae2 (Rattray et al., 2005). Fold-back structures 
were also detected by 2D gel electrophoresis during meiotic DSB metabolism in rad52Δ 
cells, where DSB ends become hyper-resected due to the failure of second-end capture 
(Lao et al., 2008). It is possible that RPA is depleted in meiosis when multiple DSBs are 
formed and become hyper-resected in mutants unable to complete repair, facilitating 
annealing between short repeats within the 3’ ssDNA overhangs. Depletion of RPA may 
also account for loss of 3’ ends at later time points after induction of an unrepairable DSB 
in wild-type mitotic cells (Zierhut and Diffley, 2008). Furthermore, a role for RPA in 
preventing annealing between micro-homologies might underlie the large increase in 
chromosome translocations and cancer predisposition observed for rfa1 hypomorphic 
alleles in yeast and mouse systems (Chen and Kolodner, 1999; Wang et al., 2005).  
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Figure 3-12. Model for RPA-mediated coordination of DNA end processing 
Mre11 and Sae2 initiate resection to form short 3’ tails. In the absence of RPA Dna2 is not recruited to the 
break site, extensive resection is eliminated, and the 3’ overhangs tend to form secondary structures by 
annealing between short repeats. Following annealing between inverted repeats, the 3’ unpaired flap is 
trimmed and after DNA synthesis is ligated to the 5’ end to form a hairpin. The 3’ strand loss could occur by 
Mre11-dependent hairpin cleavage before or after DNA synthesis and ligation. 
 
We were unable to assess the role of RPA in resection initiation because 
degradation of RPA coincides with HO expression and RPA is still detected by Western 
blot at the time HO cleaves the MAT locus (Figure 3-1). It seems unlikely that RPA would 
be required for resection initiation by MRX-Sae2 because in vitro studies indicate Mre11 
and Sae2 degrade DNA in the absence of RPA, and MRX is recruited to DSBs prior to 
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1998). Resection in the td-RFA1 strain is largely Mre11 and Sae2 dependent, consistent 
with direct initiation by MRX-Sae2. 
The formation of hairpin-capped ends could contribute to the block to extensive 
resection observed when RPA is depleted, but cannot be the only reason because the r2 
intermediate is more abundant than the r2b structure (Figure 3-9B). Furthermore, hairpin 
formation is reduced in the td-RFA1 pol32Δ mutant yet extensive resection is still 
defective. Dna2 localization to DSBs was significantly reduced in the absence of RPA 
suggesting RPA bound to the short 3’ ssDNA tails recruits Dna2. A previous study 
showed reduced Dna2 localization to DSBs in the mre11Δ mutant suggesting the MRX 
complex contributes to Dna2 recruitment or generates a structure bound by RPA (Shim et 
al., 2010). RPA is essential for Sgs1-catalyzed unwinding (Cejka et al., 2010; Niu et al., 
2010). The activity of RPA was only partially substituted by E. coli SSB indicating that 
protein-protein interactions are important and the effect is not solely due to stabilization of 
the unwound strands. Sgs1 also interacts with Mre11 and could be recruited to breaks by 
Mre11 and RPA (Chiolo et al., 2005). Our data confirm the importance of RPA for 
Sgs1-Dna2 mediated end resection in vivo. Exo1 has no reported interaction with RPA 
and its activity is not fully dependent on RPA in vitro (Nicolette et al., 2010; Nimonkar et 
al., 2011); however, we found the Exo1 extensive-resection pathway is also dysfunctional 
without RPA. The number of cells with Exo1 foci increased after RPA depletion indicating 
that the role of RPA to promote Exo1-catalyzed resection is not for recruitment and must 
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be at a later step. A previous study showed that the MRX complex is required for 
localization of Exo1 to DSBs; therefore, the increased Exo1 foci seen in the absence of 
RPA could be due to persistence of MRX at DSBs, inferred from dependence on 
MRX-Sae2 for resection initiation and hairpin cleavage. The secondary DNA structure 
formed after RPA depletion may prevent Exo1 from accessing the correct substrate for 
end resection. 
The formation of ssDNA by resection of DSB ends is essential for 
Rad51-mediated strand invasion (Gravel et al., 2008a; Mimitou and Symington, 2008; 
Zhu et al., 2008). In vitro studies have shown that RPA can act as a barrier to Rad51 
binding, but is also needed to remove secondary structure from ssDNA to allow formation 
of contiguous Rad51 filaments that are productive for strand exchange (Sung, 1997; 
Sung and Robberson, 1995). Rad52 acts as a mediator to nucleate Rad51 on 
RPA-coated ssDNA, and RPA is displaced by the cooperative binding of Rad51 to ssDNA 
(Kurokawa et al., 2008; Song and Sung, 2000; Sugiyama and Kowalczykowski, 2002). 
Depletion of RPA results in attenuated recruitment of Rad52 (Lisby et al., 2004), which 
could be due to the direct interaction between these proteins or due to reduced 
accumulation of ssDNA in the absence of RPA. Since RPA binding to ssDNA can occlude 
Rad51, one might expect Rad51 to bind in the absence of RPA, but to form 
non-contiguous filaments. However, depletion of RPA results in greatly reduced Rad51 
foci in yeast and mammalian cells (Figure 3-8) (Sleeth et al., 2007); thus RPA is required 
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for localization of both Rad51 and Rad52 to damage sites.  
The generation of long tracts of ssDNA is important for Ddc2-Mec1 recruitment 
and cell cycle arrest in response to DSBs (Zhu et al., 2008). A previous study showed 
RPA stimulates the binding of ATRIP to ssDNA in vitro and ATRIP/Ddc2 localization to 
damage sites is reduced when RPA is depleted from cells (Zou and Elledge, 2003). 
Although the resection defect of the td-RFA1 strain following RPA depletion is similar to 
the sgs1Δ exo1Δ double mutant and consequently one might have expected to reduce 
Rad53 activation, we found that Rad53 was activated in response to an HO-induced DSB 
(Figure 3-4). In budding yeast the Mec1 kinase is primarily responsible for Rad53 
activation and cell cycle arrest in response to an unrepaired DSB (Harrison and Haber, 
2006). We found that Rad53 activation in the td-RFA1 strain is Mec1 dependent 
suggesting the residual RPA is sufficient to activate Mec1.  
In summary, our data highlight the central role of RPA in DSB repair. RPA is 
required to generate ssDNA, and to shield ssDNA from degradation and formation of 
secondary structure that is inhibitory to Rad51 binding. In addition, we suggest the role of 
RPA in preventing spontaneous annealing between micro-homologies is essential to 
avoid formation of hairpin-capped ends that can lead to palindromic gene amplification 
and gross chromosome rearrangements.   
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CHAPTER 4 
Sae2 promotes DNA damage resistance by removing the Mre11-Rad50-Xrs2 








This chapter has been submitted for publication.  
Huan Chen1,2, Roberto A Donnianni1#, Naofumi Handa3#, Sarah K Deng1#, Julyun Oh2, 
Leonid A Timashev1, Stephen C. Kowalczykowski3 and Lorraine S Symington1* 
1Department of Microbiology & Immunology, Columbia University Medical Center, New 
York, NY 10032, USA 
2Department of Biological Sciences, Columbia University, New York NY10016, USA 
3Department of Microbiology & Molecular Genetics and Department of Molecular and 
Cellular Biology, University of California, Davis CA 95616 
#These authors contributed equally 
(Experiments in Figure 4-1D, 4-10D were performed by Roberto A Donnianni; Figure 
4-11 by Naofumi Handa; Figure 4-6, 4-10E by Sarah K Deng; Figure 4-5E, F by Julyun 
Oh.)  
	  
	   74	  
4.1 ABSTRACT 
The Mre11-Rad50-Xrs2/NBS1 (MRX/N) complex plays structural and catalytic roles in 
the repair of DNA double-strand breaks (DSBs), and is the DNA damage sensor for 
Tel1/ATM activation.  Sae2 can function with MRX to initiate 5’-3’ end resection and also 
plays an important role in attenuation of DNA damage signaling.  Here we describe a 
novel class of mre11 alleles that suppresses the DNA damage sensitivity of sae2Δ cells 
without altering DNA end resection.  The mre11 alleles suppress sae2Δ by accelerating 
turnover of Mre11 at DNA ends, shutting off the DNA damage checkpoint and allowing 
cell cycle progression. Furthermore, over-expression of MRE11 causes DNA damage 
sensitivity only in the absence of SAE2. Together, these data suggest that it is the failure 
to remove Mre11 from DNA ends and attenuate Rad53 signaling that causes 
hypersensitivity of sae2Δ cells to clastogens.
	  
	   75	  
4.2 INTRODUCTION 
Maintenance of genome integrity relies on the evolutionarily conserved DNA damage 
response (DDR), a coordinated network involving damage recognition, signal 
transduction, cell cycle regulation and DNA repair (Harrison and Haber, 2006). The DDR 
is activated by double-strand breaks (DSBs) and by single-stranded DNA (ssDNA) that is 
formed by 5’-3’ resection of DSBs or when DNA replication is perturbed.  The Tel1 and 
Mec1 kinases, orthologs of human ATM and ATR, respectively, initiate DNA damage 
signaling in Saccharomyces cerevisiae (Gobbini et al., 2013). Tel1/ATM is activated by 
the Mre11-Rad50-Xrs2/NBS1 (MRX/N) complex bound to DSB ends, whereas Mec1/ATR 
(in association with Ddc2/ATRIP) responds to replication protein A (RPA)-coated ssDNA 
(Uziel et al., 2003; Zou and Elledge, 2003). Once activated by damaged DNA, Tel1 and 
Mec1 can directly phosphorylate key repair proteins, and they propagate their checkpoint 
signals through the Rad53 and Chk1 effector kinases (vertebrate Chk2 and Chk1, 
respectively) to halt the cell cycle and induce transcription of target genes (Harrison and 
Haber, 2006).  
In addition to its role as a sensor, the MRX/N complex plays scaffolding and 
catalytic roles in the repair of DSBs in eukaryotic cells (Stracker and Petrini, 2011).  
Mre11 functions as a dimer and exhibits DNA binding, as well as Mn2+ dependent 3’-5’ 
dsDNA exonuclease and ssDNA endonuclease activities (Williams et al., 2008).  The 
exonuclease activity of Mre11 is of the opposite polarity to that predicted for generation of 
3’ overhangs even though Mre11 is important for 5’-3’ end resection.  A solution to this 
paradox has come from recent studies supporting a model whereby Sae2 (Ctp1 in S. 
pombe and CtIP in mammalian cells) activates the Mre11 endonuclease to incise the 5’ 
strand at a distance from the end, followed by resection from the nick in a bidirectional 
manner using the Mre11 3’-5’ and Exo1 5’-3’ exonucleases (Cannavo and Cejka, 2014; 
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Garcia et al., 2011; Neale et al., 2005; Shibata et al., 2014; Zakharyevich et al., 2010). In 
addition, MRX can recruit Exo1 or Sgs1 and Dna2 to ends to initiate resection of 
endonuclease-induced DSBs independently of the Mre11 nuclease activity and Sae2 
(Cannavo et al., 2013; Cejka et al., 2010; Nimonkar et al., 2011; Niu et al., 2010; Shim et 
al., 2010). Exo1 and Sgs1-Dna2 act redundantly to produce long tracts of ssDNA 
(Symington and Gautier, 2011).  
Rad50 has a similar domain organization to the structural maintenance of 
chromosomes family of proteins, which are characterized by Walker A and B ATP-binding 
cassettes located at the N and C terminal regions of the primary sequence that come 
together by collapse of the intervening sequences to form a long anti-parallel coiled-coil 
(de Jager et al., 2001a; Hopfner et al., 2001). A dimer of Mre11 binds to the base of the 
coiled-coils to form a head region with DNA binding and ATP-regulated nuclease 
activities (Lammens et al., 2011; Lim et al., 2011; Williams et al., 2011). A Zn-hook at the 
tip of the coiled-coil forms a dimerization domain to intramolecularly link two Rad50 
monomers that are part of the same complex or intermolecularly link two MR complexes, 
thus tethering DNA ends (de Jager et al., 2001a; Hohl et al., 2011; Hopfner et al., 2002; 
Kaye et al., 2004; Lobachev et al., 2004; Wiltzius et al., 2005).  
Mre11 and Rad50 are conserved in all domains of life, whereas Xrs2/NBS1 is 
found only in eukaryotes (Stracker and Petrini, 2011). The N-terminal domain of NBS1 
mediates interaction with phosphoproteins through the FHA and tandem BRCT motifs 
(Xrs2 has only the FHA motif), while the C-terminal region contains interaction motifs for 
Mre11 and Tel1/ATM (Falck et al., 2005; Nakada et al., 2003a; Tsukamoto et al., 2005). 
Phosphorylated Ctp1/CtIP interacts with the FHA domain of Nbs1, linking it to the MRN 
complex (Lloyd et al., 2009; Wang et al., 2013; Williams et al., 2009). 
Loss of any component of the MRX complex results in sensitivity to DNA 
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damaging agents, elimination of Tel1 signaling, short telomeres, defective 
non-homologous end joining (NHEJ) and inability to process hairpin-capped ends or 
meiosis-specific DSBs that form via covalent attachment of Spo11 to the 5’ terminated 
strands (Mimitou and Symington, 2009). Although elimination of the Mre11 nuclease 
activity (e.g., mre11-H125N mutation) or Sae2 also results in failure to process 
meiosis-specific DSBs and hairpins (Lobachev et al., 2002; McKee and Kleckner, 1997; 
Prinz et al., 1997; Rattray et al., 2001), the cells are more resistant to DNA damaging 
agents than Mre11-deficient cells (Bressan et al., 1998; Moreau et al., 1999b).  A class 
of hypomorphic rad50 mutants, referred to as rad50S, is phenotypically similar to 
mre11-H125N and sae2Δ mutants (Alani et al., 1990).  The sae2Δ and mre11-H125N 
mutants show a delay in the initiation of resection at endonuclease-induced DSBs, but 
ultimately gene conversion repair occurs with normal frequencies. This raises the 
question of why the sae2Δ and mre11-H125N mutants exhibit sensitivity to DNA 
damaging agents. One possibility is that DNA damaging agents, such as ionizing 
radiation, create ends that are not easily processed by Exo1 or Dna2 and require clipping 
by MRX and Sae2. Alternatively, the DNA damage sensitivity might be unrelated to the 
resection function of Mre11 nuclease and Sae2. Sae2 also plays an important role in 
modulating the checkpoint state, monitored by Rad53 phosphorylation (Rad53-P) (Clerici 
et al., 2006). The DNA damage checkpoint is activated by induction of an unrepairable 
DSB and can be eventually turned off allowing cells to divide through a process referred 
to as adaptation (Lee et al., 1998). sae2Δ mutants are defective for adaptation because 
they retain Rad53-P and fail to divide (Clerici et al., 2006). This checkpoint alteration may 
result from a persistent signal generated by MRX accumulation at the DNA damaged site. 
Here, we sought to determine whether the DNA damage sensitivity of sae2Δ mutants is 
due to failure to process ends or inability to attenuate the DNA damage checkpoint by 
isolating suppressors of the sae2Δ mutant. We describe a novel class of mre11 alleles 
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that suppress the DNA damage sensitivity of the sae2Δ mutant by removing MRX from 




4.3.1 Identification of mre11 alleles that suppress sae2Δ DNA damage 
sensitivity 
We reasoned that if the main function of Sae2 is to activate the Mre11 nuclease, then it 
might be possible to isolate gain-of-function mre11 alleles that bypass the requirement for 
Sae2. A plasmid containing MRE11 was randomly mutagenized and the pool of plasmids 
used to transform an mre11Δ sae2Δ mutant.  The mre11Δ and sae2Δ mutations confer 
sensitivity to camptothecin (CPT); thus, we anticipated an mre11 gain-of-function allele to 
complement mre11Δ and to suppress the sensitivity caused by loss of Sae2. One 
plasmid was recovered from screening ~3,400 colonies for CPT resistance. The plasmid 
had a single nucleotide change resulting in substitution of Pro110 with Leu. The MRE11 
locus of a sae2Δ strain was replaced with the mre11-P110L allele, and the resulting strain 
showed >100-fold higher CPT and methylmethane sulfonate (MMS) resistance as 
compared to the sae2Δ mutant (Figure 4-1A). In addition, mre11-P110L suppressed the 
CPT sensitivity of rad50S cells (Figure 4-1A). The mre11-P110L mutant exhibited no 
obvious sensitivity to DNA damaging agents.  
We subjected MRE11 to PCR-mediated mutagenesis and recovered five alleles 
from ~2,000 colonies screened that suppressed the CPT and MMS sensitivity of mre11Δ 
sae2Δ cells. Of these, one was due to substitution of Pro110 with Leu and the others had 
substitutions of residues His37, Gln70, Thr74 or Glu101 (Figure 4-1B). Analysis by 
protein blotting revealed that all of the mutants expressed normal levels of Mre11; 
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however, the Mre11P110L and Mre11E101G proteins both showed slightly faster mobility than 
Mre11 (Figure 4-1C). The mobility shift does not appear to be due to phosphorylation 
because it is unaffected by phosphatase treatment (data not shown).  
	  
Figure 4-1. Identification of mre11 alleles that suppress sae2Δ DNA damage sensitivity  
(A) Ten-fold serial dilutions of log-phase cultures of the indicated strains were spotted onto SC medium with 
DMSO alone or DMSO + 5 µg/ml CPT, or YPD medium with 0.02% MMS. (B) Ten-fold serial dilutions of log 
phase mre11Δ sae2Δ cells expressing MRE11 or mre11 alleles from pRS416 were spotted onto SC-URA 
medium with DMSO alone or DMSO + 5 µg/ml CPT. (C) Left: endogenous protein level of Mre11 or 
Mre11P110L. Right: protein level of Mre11, Mre11H37Y, Mre11Q70H, Mre11T74A and Mre11E101G expressed from 
pRS416 in mre11Δ sae2Δ cells.  (D) Co-immunoprecipitation of Myc-tagged Xrs2 by Mre11 antibody in 
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The structure of the S. pombe Mre11-Nbs1 complex shows Mre11 Glu101 and 
Pro110 are within the eukaryotic specific “latching loop” of Mre11 and Pro110 is a site of 
direct interaction with Nbs1 (Figure 4-2) (Schiller et al., 2012). Furthermore, Pro110 is 
close to several residues that are mutated in patients with ATLD and NBS-like disorder, 
which disrupt interaction with Nbs1 (Schiller et al., 2012). We found that Mre11P110L 
retains interaction with Xrs2 by co-immunoprecipitation, albeit reduced, consistent with 
the DNA damage resistance of the mre11-P110L mutant (Figure 4-1D).  
 
	  
Figure 4-2. Sequence alignment of the N-terminal region of Mre11 from different species.  
Sequence conservation is indicated by colors, with red representing 100% and blue representing 0%. The 
Mre11 nuclease-related phosphoesterase motifs I-III, the Nbs1 interacting loop and two human 
disease-associated mre11 mutations are indicated. Residues that suppress sae2Δ DNA damage sensitivity 
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4.3.2 Suppression of sae2Δ by mre11-P110L is independent of the Mre11 
nuclease 
Our screen was based on the premise that Sae2 activates the Mre11 nuclease; if so, the 
suppressive effect of mre11-P110L should be eliminated by a point mutation in one of the 
Mre11 phosphoesterase motifs. The His125 to Asn substitution was generated by 
site-directed mutagenesis of the plasmid harboring the mre11-P110L allele.  The 
resulting plasmid was used to transform mre11Δ and mre11Δ sae2Δ mutants and 
independent transformants were tested for CPT resistance. Surprisingly, the 
mre11-P110L, H125N allele showed equivalent suppression of the sae2Δ CPT sensitivity 
as the mre11-P110L allele indicating that the suppression is independent of Mre11 
nuclease activity (Figure 4-3A). Indeed, the mre11-P110L, H125N allele suppressed the 
DNA damage sensitivity of mre11Δ cells to a greater extent than mre11-H125N indicating 
that mre11-P110L suppresses the DNA damage sensitivity associated with loss of the 
Mre11 nuclease. 
 
4.3.3 Mre11-P110L does not suppress the hairpin-opening defect of the sae2Δ 
mutant 
The sae2Δ and mre11-H125N mutations prevent resolution of hairpin-capped ends and 
removal of Spo11 from meiotic DSBs. To determine whether mre11-P110L bypasses the 
requirement for Sae2 in hairpin resolution, we generated mre11-P110L derivatives of 
haploid strains with the lys2-AluIR and lys2-Δ5’ ectopic recombination reporter (Figure 
4-3B). The inverted Alu elements stimulate ectopic recombination by ~1000-fold relative 
to a strain with a direct repeat of Alu elements inserted at the same site in lys2, and this 
stimulation is largely dependent on the MRX complex, the Mre11 nuclease and Sae2 
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(Lobachev et al., 2002). The inverted repeats are thought to extrude to form a hairpin or 
cruciform that is cleaved by an unknown nuclease to form a hairpin-capped end, which is 
then opened by MRX-Sae2 and stimulates mitotic recombination. The rate of Lys+ 
recombinants was determined by the method of the median. The mre11-P110L mutation 
	  
Figure 4-3. The mre11 alleles do not activate the Mre11 nuclease independently of Sae2  
(A) Ten-fold serial dilutions of log phase mre11Δ or mre11Δ sae2Δ cells expressing MRE11, mre11-P110L, 
mre11-H125N or mre11-P110L, H125N from a plasmid were spotted onto SC-URA medium with DMSO 
alone or DMSO + 5 µg/ml CPT. (B) Schematic representation of the lys2-AluIR and lys2-Δ5’ ectopic 
recombination reporter. (C) Graph showing the rate of Lys+ recombinants in different strains determined by 
fluctuation analysis. The mean values from three independent trials are plotted, and error bars show standard 
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failed to suppress the hairpin resolution defect conferred by sae2Δ indicating that it does 
not function by activating the Mre11 nuclease independently of Sae2 (Figure 4-3C). All of 
the mre11 alleles were tested by a semi-quantitative plating assay, but none of them 
restored hairpin opening to the sae2Δ mutant (Figure 4-4A). In addition, the 
mre11-P110L, H125N allele did not complement the hairpin-opening defect of the 
mre11Δ mutant (Figure 4-4A). Notably, the mre11-P110L mutant exhibited a small, but 
significant decrease in the generation of Lys+ recombinants (P<0.0001) indicating that 
hairpin cleavage or HR repair is not fully functional. The mre11-P110L mutation was 
unable to suppress the sporulation defect of the sae2Δ mutant suggesting it does not 
suppress the sae2Δ defect in Spo11 removal (Figure 4-4B). Therefore, the suppression 
of the DNA damage sensitivity of sae2Δ by the mre11 alleles is not through activation of 
endonuclease activity, consistent with the lack of dependence on Mre11 nuclease 
function. 
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Figure 4-4. The sae2Δ-suppressing mre11 alleles do not restore Mre11 endonuclease activity  
(A) Indicated mre11 alleles were expressed from a plasmid in mre11Δ or mre11Δ sae2Δ cells harboring the 
lys2-AluIR and lys2-Δ5’ ectopic recombination reporter. Cells were patched as triplicates on SC-URA medium 
to maintain the plasmid and replicated to SC-URA-LYS medium to score for Lys+ recombinants. (B) 
Sporulation efficiency from indicated diploid cells were determined by scoring # tetrads/# total cells by 
microscopy two days after growing cells on sporulation medium at 30°C.  
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4.3.4 mre11-P110L does not restore end resection to the sae2Δ mutant 
Since removal of Ku suppresses the CPT sensitivity and 5’-3’ resection defects of the 
sae2Δ mutant in an Exo1-dependent manner (Mimitou and Symington, 2010b; Shim et al., 
2010), we considered the possibility that mre11-P110L allows greater access of Exo1 to 
ends. If this were the case, the suppression of sae2Δ by mre11-P110L would be EXO1 
dependent.  Although the exo1Δ mutation reduced the CPT and MMS resistance of the 
mre11-P110L sae2Δ strain by around 10-fold, the triple mutant was considerably more 
resistant than the exo1Δ sae2Δ double mutant indicating that the suppression is largely 
independent of EXO1 (Figure 4-5A). On the contrary, the suppression of sae2Δ by 
yku70Δ is eliminated by exo1Δ, suggesting a different mechanism. We could not test if 
mre11-P110L activates the Sgs1-Dna2 resection mechanism because of the lethality 
caused by combining sae2Δ and sgs1Δ mutations, which was not suppressed by 
mre11-P110L (Figure 4-5B). To determine whether mre11-P110L and elimination of 
yku70Δ are additive in their suppression of sae2Δ, the CPT and MMS sensitivities of the 
double and triple mutants were compared.  The mre11-P110L sae2Δ strain was more 
resistant to CPT and MMS than sae2Δ yku70Δ and no further suppression was observed 
for the triple mutant; instead, the triple mutant showed the same CPT sensitivity as the 
mre11-P110L sae2Δ double mutant, but was more resistant to MMS than the sae2Δ 
yku70Δ mutant (Figure 4-5C). Notably, mre11-P110L is effective in suppression of the 
CPT and MMS sensitivity of the sae2Δ mutant, whereas yku70Δ suppresses the CPT but 
not the MMS sensitivity of the sae2Δ mutant.  
To test whether mre11-P110L suppresses the delayed resection initiation 
observed in sae2Δ cells, we measured the efficiency of single-strand annealing (SSA) 
between partial leu2 gene repeats located 4.6 kb apart on chromosome III by Southern 
blot analysis (Figure 4-5D) (Clerici et al., 2005).  The HO endonuclease-induced DSB is  
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Figure 4-5. Suppression of sae2Δ by mre11-P110L is independent of EXO1 and does not restore end 
resection  
(A) Ten-fold serial dilutions of log-phase cultures of the indicated strains were spotted onto SC medium with 
DMSO alone or DMSO + 5 µg/ml CPT, or YPD medium with 0.02% MMS. (B) Spores from tetrad dissection 
showing that mre11-P110L does not suppress the sae2Δ sgs1Δ synthetic lethality. (C) Ten-fold serial 
dilutions of log-phase cultures of the indicated strains were spotted onto SC medium with DMSO alone or 
DMSO + 5 µg/ml CPT, or YPD medium with 0.02% MMS. (D) Schematic representation of the single-strand 
annealing (SSA) assay system with two partial leu2 repeats located 4.6 kb apart on chromosome III. The 
second copy of leu2 harbors an HO endonuclease cut site. (E) Southern blot analysis of KpnI digested 
genomic DNA from indicated strains taken at different time points after HO induction in G2/M arrested cells. 
Uncut, cut fragments and the SSA product described in (C) were detected by a leu2 probe. A ssDNA 
resection intermediate is marked by the asterisk. (F) Plot showing the ratio of SSA product among the total 
DNA in each lane at different time points after HO induction. The mean values from three independent trials 
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formed 30 min after expression of HO from the PGAL1 promoter, and, after sufficient 
resection to expose the flanking homologies, the leu2 sequences anneal to form a 
deletion product of 8 kb. The sae2Δ mutant exhibited a 30-60 min delay in formation of 
the SSA product relative to wild type, which was unchanged by mre11-P110L (Figure 
4-5E, F).  End resection that proceeds beyond the flanking KpnI sites results in 
disappearance of the HO-cut fragments and appearance of a high molecular weight 
intermediate. Disappearance of the HO-cut fragments and generation of resection 
intermediates were delayed in the sae2Δ mutant and these phenotype were also 
unaffected by the mre11-P110L mutation. The mre11-P110L mutant was 
indistinguishable from wild type in the SSA assay indicating no defect or enhancement in 
5’-3’ resection.  
Previous studies have shown that the modest resection defect of the sae2Δ 
mutant does not impair gene conversion repair (Mimitou and Symington, 2008). To test 
whether mre11-P110L has any affect on homologous recombination in the sae2Δ 
background, we monitored repair of the HO-induced DSB at the MATα locus by 
conversion to MATa (Figure 4-6). The sae2Δ, mre11-P110L and mre11-P110L sae2Δ 
mutants showed similar efficiencies of repair as wild type. Together, these results show 
that the mre11-P110L mutant exhibits normal resection and HR repair and does not 
restore nuclease activity to the MRX complex in the absence of Sae2.  
	  
Figure 4-6. sae2Δ and mre11-P110L do not affect HR proficiency  
A mating type switching assay was used to monitor HR efficiency on an HO-induced DSB at the MATα locus. 
Southern blot was performed and the ratio of MATa product among total DNA at 6h is indicated.
B
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4.3.5 mre11-P110L bypasses the checkpoint and cell cycle progression defects 
of sae2Δ cells  
Since mre11-P110L failed to rescue the resection and hairpin resolution defects of the 
sae2Δ mutant, the increased DNA damage resistance could be the result of checkpoint 
inactivation (Figure 4-7A). To test this, we analyzed Rad53-P in wild type, mre11-P110L, 
sae2Δ and mre11-P110L sae2Δ strains following an acute treatment with MMS (0.015% 
for 1h). Extracts prepared from cells collected after MMS treatment were analyzed by 
Western blot using anti-Rad53 antibodies. Rad53-P was detected as an electrophoretic 
mobility shift in response to MMS in all of the strains. The phosphorylated form of Rad53 
was present for up to 1h following MMS treatment in wild-type cells and then Rad53 
migrated as the unmodified form at 3h (Figure 4-7B). In the sae2Δ mutant Rad53 
remained phosphorylated for 3h; in contrast, Rad53 was deactivated at 3h in the 
mre11-P110L sae2Δ mutant. Rad53-P in response to MMS was analyzed for all of the 
mre11 mutations and all suppressed the sae2Δ defect (Figure 4-7C). 
At the time of release from a 2h MMS treatment (0.02%) cells from all strains were 
arrested in S-phase (Figure 4-7D). Wild type and mre11-P110L cells progressed to G2/M 
1h after removal of MMS from the culture, initiated division at 2h and by 4h the FACS 
profile was similar to untreated cells. By contrast, sae2Δ cells remained in S-phase for 2h 
after removal of MMS from the culture and had not resumed division at 4h. The 
mre11-P110L mutation partially suppressed the S-phase progression defect caused by 
sae2Δ and cells resumed division 3h after MMS treatment. Consistently, the suppression 
of sae2Δ by mre11-P110L was also seen by the plating efficiency of cells following acute 
MMS exposure (Figure 4-7E). 
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Figure 4-7. The mre11 alleles suppress the DNA damage checkpoint recovery defect in sae2Δ  
(A) Schematic representation of the Tel1- and Mec1-dependent DNA damage checkpoint leading to Rad53-P 
activated by DSB and negatively regulated by Sae2. (B), (C) Western blot analysis showing Rad53-P and 
de-phosphorylation in response to MMS. Log phase growing cells (t=0) from indicated strains were treated 
with 0.015% MMS for 1h and released into fresh YPD (t=1h). Protein samples from different time points 
before and after MMS treatment were analyzed using anti-Rad53 antibodies. (D) FACS profiles of DNA 
content from indicated strains in response to 0.02% MMS for 2h and then released into YPD. Cell samples 
were taken before MMS treatment and at the indicated time points post MMS release for FACS analysis. (E) 
Ten-fold serial dilutions of MMS-treated cells in (D) were spotted onto YPD solid medium to monitor colony 
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4.3.6 Suppression of sae2Δ DNA damage sensitivity by mre11-P110L is partially 
dependent on TEL1 
Since mre11-P110L suppressed the sae2Δ checkpoint shut off defect, we tested the 
requirement for TEL1 and MEC1 for suppression. The mre11-P110L sae2Δ tel1Δ triple 
mutant was more sensitive to CPT and MMS than the mre11-P110L sae2Δ double 
mutant (Figure 4-8A), suggesting that TEL1 is partially required for the mre11-P110L 
suppression of sae2Δ, and this requires the Tel1 kinase activity (Figure 4-8B). To 
understand the requirement for TEL1, we examined Rad53-P and the cell cycle profile in 
tel1Δ derivatives in response to MMS (Figure 4-8C, D). We found that TEL1 is required 
for complete dephosphorylation of Rad53 and resumption of cell cycle progression. 
Consistently, the tel1Δ single mutant displayed sensitivity to high doses of both CPT and 
MMS (Figure 4-8A, E), which was not suppressed by mre11-P110L; moreover, tel1Δ 
sensitivity was synergetic with sae2Δ at lower dosage of CPT and MMS (Figure 4-8E). 
Persistence of Rad53-P and G2 arrest of the tel1Δ derivatives may explain the sensitivity 
of the mutants to CPT and MMS. 
	  
	   91	  
	  
Figure 4-8. Suppression of sae2Δ sensitivity by mre11-P110L is partially dependent on TEL1 
(A) Ten-fold serial dilutions of log-phase cultures of the indicated strains were spotted onto SC medium with 
DMSO alone or DMSO + 5 µg/ml CPT, or YPD medium with 0.02% MMS. (B) Ten-fold serial dilutions of log 
phase tel1Δ, sae2Δ tel1Δ, or mre11-P110L sae2Δ tel1Δ cells with an empty vector (EV) or a 2µ-based 
plasmid expressing tel1-KD were spotted onto SC-URA medium with DMSO alone or DMSO + 5 µg/ml CPT, 
or YPD medium with 0.02% MMS. (C) Western blot analysis showing Rad53 phosphorylation and 
de-phosphorylation in response to MMS. Log phase growing cells (t=0) from indicated strains were treated 
with 0.015% MMS for 1h and released into fresh media (t=1h). (D) FACS profiles of DNA content from 
indicated strains for the experiment shown in (C). (E) Ten-fold serial dilutions of log-phase cultures of the 
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A previous study had shown that sae2Δ suppresses the MMS sensitivity of the 
mec1Δ mutant by activating MRX-Tel1 mediated checkpoint signaling (Usui et al., 2001).  
If mre11-P110L acted by dampening the MRX-Tel1 pathway we would predict it to 
sensitize the mec1Δ sae2Δ mutant; instead the mec1Δ mre11-P110L sae2Δ strain 
showed an equivalent DNA sensitivity to the mec1Δ sae2Δ strain (Figure 4-9A), even 
though a slightly higher portion of Rad53 was dephosphorylated in mec1Δ mre11-P110L 
sae2Δ cells (Figure 4-9B). Because mre11-P110L is unable to suppress the sae2Δ MMS 
sensitivity in the absence of MEC1 (Figure 4-9A, C), the suppression appears to require 
MEC1; however, mec1Δ causes much greater sensitivity to DNA damaging agents than 
sae2Δ and it may not be possible to increase cell survival beyond what is seen in the 
mec1Δ sae2Δ double mutant. 
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Figure 4-9. mre11-P110L does not decrease MMS sensitivity of the mec1Δ sae2Δ mutant 
(A) Ten-fold serial dilutions of log-phase cultures of the indicated strains were spotted onto YPD medium with 
no MMS or 0.01% MMS. (B) Western blot analysis showing Rad53 phosphorylation and de-phosphorylation 
in response to MMS. Log phase growing cells (t=0) from indicated strains were treated with 0.015% MMS for 
1h and released into fresh media (t=1h). Protein samples from different time points before and after MMS 
treatment were analyzed using anti-Rad53 antibodies. (C) FACS profiles of DNA content from indicated 
strains for the experiment shown in (B). 
 
 
4.3.7 Turnover of Mre11 at DNA ends is altered by the P110L mutation 
Previous studies have shown that Mre11 is retained at DSBs for longer in the absence of 
Sae2 or the Mre11 nuclease (Clerici et al., 2006; Lisby et al., 2004).  Furthermore, 
over-expression of SAE2 results in faster turnover of Mre11 at DNA ends and correlates 
with reduced Rad53-P (Clerici et al., 2006). Thus, one possible mechanism for the 
mre11-P110L attenuation of Rad53-P would be by accelerated turnover of Mre11 at DNA 
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ends. We tagged the C-terminus of Mre11P110L and Mre11H37Y with YFP to monitor the 
recruitment and turnover of Mre11 complexes at DSBs by epifluorescence microscopy 
(Figure 4-10A). Cells were exposed to 40 Gy γ-irradiation and foci counted at 0.5, 1, 2 
and 3 h later. As reported previously, ~50% of cells formed Mre11 foci in response to 
irradiation and the number of cells with foci declined to 22% after 3 h. By contrast, 90% of 
sae2Δ cells exhibited Mre11 foci 0.5 h after irradiation and 60% of cells retained Mre11 
foci 3 h later. The lower number of cells with Mre11 foci 30 min after irradiation in wild 
type as compared to sae2Δ cells is most likely due to more rapid turnover of Mre11 when 
Sae2 is present. Mre11P110L-YFP and Mre11H37Y-YFP both dissociated from IR- induced 
DSBs faster than Mre11-YFP in the sae2Δ background (Figure 4-10B). Mre11P110L-YFP 
and Mre11H37Y-YFP showed similar kinetics to Mre11-YFP in SAE2 cells. To confirm 
these data, Mre11 association with sequences 1 kb away from an HO-induced DSB was 
measured by chromatin immunoprecipitation (ChIP). Mre11 was detected at higher levels 
at the DSB in sae2Δ cells compared to wild type, and dissociated more slowly (Figure 
4-10D). Mre11P110L was recruited with similar kinetics but dissociated from the DSB faster 
in sae2Δ cells than Mre11, consistent with the foci data. Since TEL1 is partially required 
for sae2Δ suppression by mre11-P110L we analyzed Mre11 and Mre1P110L foci in tel1Δ 
derivatives. We observed no difference between the TEL1 and tel1Δ strains in the 
recruitment and turnover of Mre11 and Mre11P110L in response to IR in either the SAE2 or 
sae2Δ strain background (Figure 4-10C). 
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Figure 4-10. Turnover of Mre11 proteins at DSB ends is altered by Mre11P110L  
(A) Epifluorescence microscopy showing DSB induced foci formation of Mre11-YFP or Mre11P110L-YFP 
following IR (40 Gy). (B) Quantification of Mre11-YFP, Mre11P110L-YFP or Mre11H37Y-YFP foci from indicated 
strains. The percentage of cells with one or more YFP foci at different time points post IR was quantitated for 
the experiment shown in (A). The mean values from three independent trials are plotted, and error bars show 
SD. (C) Quantification of Mre11-YFP or Mre11P110L-YFP foci from indicated strains. (D) Graph showing 
Mre11 association with sequences 1kb away from a non-repairable HO-induced DSB at the MAT locus. Cell 
samples collected at the indicated time points after HO induction were analyzed. The mean values from three 
independent trials are plotted, and error bars show SD. (E) A chromosomal end-joining assay was used to 
measure NHEJ and MMEJ frequency from indicated strains, where repair by HR is unable to form survivors. 
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4.3.8 The mre11-P110L mutant exhibits decreased NHEJ 
The sae2Δ mutant exhibits an elevated NHEJ frequency (Lee and Lee, 2007), which 
could result from delayed resection and/or retention of MRX or Ku at ends. Since 
mre11-P110L does not suppress the end resection defect of sae2Δ, but does suppress 
retention of Mre11 at ends we tested whether NHEJ repair of a chromosomal I-SceI 
induced DSB is reduced in mre11-P110L derivatives.  The end joining assay was 
designed with a 14 bp direct repeat flanking an inverted duplication of I-SceI cut sites to 
measure both NHEJ and microhomology-mediated end joining (MMEJ) repair (Deng et 
al., 2014). The mre11-P110L mutant showed the same frequency of NHEJ and MMEJ as 
the wild-type strain (P=0.57); however, mre11-P110L significantly reduced NHEJ in the 
sae2Δ background (P<0.05) (Figure 4-10E).  These data suggest retention of MRX at 
ends is responsible for increased NHEJ in sae2Δ cells.
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4.3.9 The MP110LRX complex exhibits reduced DNA binding in vitro 
The increased turnover of Mre11P110L at DSBs could reflect reduced affinity of the mutant 
protein for DNA. To directly test this, MRX and MP110LRX complexes were purified (Figure 
4-11A) and assayed for binding to single or double-stranded DNA by electrophoretic 
mobility shift (Figure 4-11B). The MP110LRX complex showed reduced binding to both 
DNA substrates in the presence of Mg2+ or Mn2+ (Figure 4-11C). Addition of ATP 
stimulated binding of both wild type and mutant complexes, but MP110LRX still exhibited 
lower DNA binding than MRX (Figure 4-11D,E).  Consistent with reduced DNA binding, 
we detected weaker 3’-5’ exonuclease activity for the MP110LRX mutant complex 
compared to the wild-type MRX complex  (Figure 4-11F). 
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Figure 4-11. DNA binding and ATPase activity of the MRX and MP110LRX complexes  
 (A) Purified MRX and MP110LRX protein complexes were run on a 4-15% gel and stained with 
SYPRO-Orange. (B) DNA binding assay using purified yeast MRX or MP110LRX complex in the presence of 
5mM Mg2+ or 2mM Mn2+. A 100nt ssDNA substrate or 100bp dsDNA substrate was used. (C) Quantification 
of the data shown in (E). The mean values from two independent trials are plotted, and error bars show SE.  
 (D) DNA binding activity of WT and mutant complexes in the presence of ATP and 5 mM Mg2+ or 2 mM Mn2+. 
(E) Quantification of the data shown in (D). The mean values from two independent trials are plotted, and 
error bars show SE. (F) The MP110LRX proteins have weaker 3’-5’ exonuclease activity than MRX. The mean 
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4.3.10 MRE11 gene dosage alters sae2Δ DNA damage sensitivity 
Our expectation when we isolated mre11 alleles that complemented the mre11Δ 
mutation and suppressed the DNA damage sensitivity caused by sae2Δ was for a gain of 
function; however, the in vitro analysis suggests a loss of function. To assess dominance, 
diploids homozygous for sae2Δ and homozygous or heterozygous for mre11-P110L were 
generated. Diploids expressing one copy of mre11-P110L showed similar MMS 
resistance to haploid sae2Δ mre11-P110L cells, whereas sae2Δ/sae2Δ 
MRE11/mre11-P110L cells exhibited intermediate MMS resistance indicating 
semi-dominance of mre11-P110L (Figure 4-12A). Surprisingly, diploid cells homozygous 
for sae2Δ and mre11-P110L were more sensitive to MMS than sae2Δ/sae2Δ 
mre11-P110L/mre11Δ cells. Furthermore, sae2Δ homozygous diploids expressing only 
one MRE11 allele were slightly more MMS resistant than cells expressing two copies. 
These data indicate that the level of Mre11 (wild type or mutant) modulates DNA damage 
sensitivity of sae2Δ cells.  
 Because the sae2Δ diploid is sensitive to MRE11 gene dosage we asked whether 
over-expression of MRE11 would further sensitize sae2Δ haploid cells. We compared the 
CPT and MMS sensitivity of cells expressing MRE11 from the natural promoter on a 
single-copy number plasmid (centromere [CEN]-containing vector) with cells expressing 
MRE11 from a high-copy number (2µ) plasmid (Figure 4-12B). Remarkably, 
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over-expression of MRE11 resulted in greater sensitivity to CPT and MMS only in the 
absence of SAE2, suggesting that Sae2 actively removes Mre11 from break ends. 
Moreover, over-expression of mre11-P110L in the sae2Δ mutant also resulted in less 
suppression than observed when mre11-P110L was expressed at normal levels, but cells 
still showed higher survival than the sae2Δ single mutant (Figure 4-12C). While Mre11 is 
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Figure 4-12. Mre11 is toxic in the absence of Sae2  
(A) Ten fold serial dilutions of diploid cells with the indicated genotype were spotted onto YPD medium with 
no MMS, 0.01% MMS or 0.02% MMS. (B) Ten-fold serial dilutions of log phase mre11Δ or mre11Δ sae2Δ 
haploid cells expressing MRE11 from a CEN or 2µ-based plasmid were spotted onto SC-URA medium 
containing DMSO alone, or DMSO + 1 µg/ml CPT, or YPD medium with 0.01% MMS. (C) Ten-fold serial 
dilutions of log phase mre11Δ or mre11Δ sae2Δ haploid cells expressing MRE11 or mre11-P110L from a 
CEN plasmid, or PGAL-mre11-P110L from a 2µ-based plasmid were spotted onto SC-URA medium containing 
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4.4 DISCUSSION 
Genetic and biochemical studies show that Sae2 functions with the MRX complex to 
initiate DNA end resection in yeast (Cannavo and Cejka, 2014; Mimitou and Symington, 
2008; Neale et al., 2005). The current model is for Sae2 to stimulate endonucleolytic 
clipping of the 5’-terminated strand by the Mre11 nuclease with the resulting nick acting 
as an entry site for bi-directional processing by the Mre11 3’-5’ and Exo1 5’-3’ Exo1 
exonucleases (Cannavo and Cejka, 2014; Garcia et al., 2011; Shibata et al., 2014; 
Zakharyevich et al., 2010). Consequently, loss of Sae2 or the Mre11 nuclease results in 
retention of Spo11 at meiotic DSBs and failure to resolve hairpin-capped ends (Mimitou 
and Symington, 2009).  Resection of unblocked ends (e.g. those produced by 
endonucleases) can occur in the absence of Sae2 or the Mre11 nuclease via recruitment 
of Exo1 or Sgs1-Dna2 by the MRX complex (Gravel et al., 2008b; Mimitou and 
Symington, 2008; Shim et al., 2010; Zhu et al., 2008).  Although sae2Δ and 
mre11-H125N mutants are equivalent in their inability to resolve Spo11 adducts and 
hairpin-capped ends, the sae2Δ phenotype is slightly more severe than observed for 
mre11-H125N with regards to sensitivity to DNA damaging agents and removal of Mre11 
from DNA ends (Lisby et al., 2004; Mimitou and Symington, 2010b). To gain some insight 
into how Sae2 and the Mre11 nuclease cooperate to initiate end resection, we screened 
for mre11 gain-of-function alleles that could bypass the DNA damage sensitivity 
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conferred by the sae2Δ mutation.  Here we describe a novel class of mre11 alleles that 
suppresses sae2Δ DNA damage sensitivity by promoting Mre11 dissociation and shutting 
off the DNA damage checkpoint, not by activation of end processing, indicating that the 
major function of Sae2 in the DNA damage response is to remove MRX complex from 
break ends (Figure 4-13).  
	  
Figure 4-13. Sae2 actively removes Mre11 from break ends to promote survival upon DNA damage 
Model showing resection dependent and independent suppression of sae2Δ DNA damage sensitivity by 
removing Mre11 from DSB ends and attenuating DNA damage checkpoint signaling. 
 
 We identified five mutations within the N-terminal region of Mre11 that suppress 
the CPT and MMS sensitivities of the sae2Δ mutant. Three of the mre11 alleles described 
here were independently identified as suppressors of sae2Δ DNA damage sensitivity 
(Oelschaegel et al., 2014).  The mutations are of non-conserved residues and are not in 
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well-defined structural motifs of Mre11.  However, by modeling onto the Mre11 3D 
structure all of the mutations cluster on the surface of the protein (Oelschaegel et al., 
2014). The P110L substitution, which was recovered from two independent screens, is 
within the Mre11 “latching loop”, a eukaryotic specific insertion between 
phosphodiesterase motifs II and III, and is a site of direct interaction between S. pombe 
Mre11 and Nbs1 (Schiller et al., 2012). Several mutations in human MRE11 that cause 
AT or NBS-like syndromes are located within the latching loop and result in a reduced 
affinity for NBS1 (Schiller et al., 2012). Although Mre11P110L retains interaction with Xrs2 
(Figure 4-1D), we consistently recovered less Xrs2 in immunoprecipitates as compared to 
Mre11. The reduced interaction does not impair DNA damage resistance, HR or NHEJ of 
the mre11-P110L mutant.  
 None of the mre11 mutations was able to suppress the hairpin resolution or 
sporulation defects of the sae2Δ mutant even though all suppressed the DNA damage 
sensitivity by >100-fold. Further characterization of mre11-P110L showed that it is unable 
to suppress the delayed resection initiation observed for the sae2Δ mutant, and that 
suppression of the sae2Δ CPT sensitivity is independent of the Mre11 nuclease activity 
and mostly EXO1 independent.  By contrast, yku70Δ restores resection and resistance 
to DSB-inducing agents to the sae2Δ mutant in an EXO1-dependent manner (Foster et 
al., 2011; Limbo et al., 2007; Mimitou and Symington, 2010b; Shim et al., 2010). Deletion 
	  
	   105	  
of DNL4 (encoding DNA Ligase IV) does not suppress the DNA damage sensitivity of 
sae2Δ or mre11-3 mutants, indicating that the yku70Δ suppression is by allowing Exo1 
access to ends and not by diverting ends from NHEJ to HR (Foster et al., 2011; Mimitou 
and Symington, 2010b). From these data we conclude that the end-processing function 
of Sae2 is not the only determinant for DNA damage tolerance and that another function 
of Sae2 must contribute.  
 Previous studies reported that Mre11 remains associated with DNA ends for 
longer in the sae2Δ mutant and this correlates with hyper-phosphorylation of Rad53 
(Clerici et al., 2006).  Over-expression of SAE2 reduces Mre11 association with DNA 
ends and prevents Rad53-P in response to DSBs (Clerici et al., 2006).  The effect of 
Sae2 on Rad53-P does not directly correlate with resection or repair efficiency because 
Rad53 remains phosphorylated in the sae2Δ mutant in response to an unrepairable DSB 
even though resection occurs, and over-expression of SAE2 does not increase end 
resection. How Sae2 modulates Rad53 activation is currently unknown. All of the mre11 
alleles that suppress the DNA damage sensitivity of the sae2Δ mutant show normal 
activation of Rad53 in response to DNA damaging agents, but partially suppress the 
defect in Rad53 dephosphorylation. Rad53-P in response to DNA damage is primarily by 
Mec1 with Tel1 playing a minor role (Sanchez et al., 1996; Sun et al., 1996); however, in 
the absence of Sae2/Ctp1 the Tel1 pathway is activated, presumably because of the 
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delay to resection initiation and retention of MRX at DSBs (Limbo et al., 2011; Usui et al., 
2001). mre11-P110L does not decrease MMS sensitivity of the mec1Δ sae2Δ mutant and 
the mec1Δ mre11-P110L double mutant shows equivalent MMS sensitivity to mec1Δ 
suggesting that Tel1 signaling is not affected by mre11-P110L. Consistent with this, Tel1 
is partially required for the suppression of sae2Δ by mre11-P110L. Mec1 is required to 
establish the DNA damage checkpoint and also to maintain Rad53-P in response to DNA 
damage (Pellicioli et al., 2001). We suggest that Mec1 and Tel1 are required to establish 
the DNA damage checkpoint in sae2Δ cells while the mre11 alleles dampen checkpoint 
maintenance resulting in cell cycle progression and survival after exposure to clastogens.  
 In vitro, the MP110LRX complex displayed reduced binding to both ssDNA and 
dsDNA as compared with MRX. The reduced binding to DNA was also evident in vivo: the 
number of cells with Mre11P110L-YFP foci in response to IR was lower than seen for 
Mre11-YFP and slightly less Mre11P110L was recruited to an HO-induced DSB. We do not 
know whether the foci and ChIP signals reflect binding to dsDNA ends or to ssDNA. The 
reduced DNA binding could explain the lower frequency of inverted repeat-induced 
recombination of the mre11-P110L mutant relative to wild type.  The dosage 
dependence for suppression of the DNA damage sensitivity of sae2Δ could also be 
attributed to Mre11 DNA binding: diploids homozygous for sae2Δ and with two copies of 
mre11-P110L showed reduced DNA damage resistance compared with cells expressing 
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only one copy of mre11-P110L. Furthermore, a sae2Δ diploid expressing one copy of 
MRE11 showed slightly higher resistance to MMS than a sae2Δ diploid homozygous for 
MRE11. Over-expression of MRE11 further sensitized the sae2Δ mutant, but not SAE2 
cells. These subtle differences suggest sae2Δ DNA damage sensitivity is exquisitely 
sensitive to the level of Mre11, and by impairing Mre11 DNA binding via the P110L 
mutation the DNA damage checkpoint is alleviated and resistance to DNA damage is 
restored to the sae2Δ mutant. 
In summary, our findings support a model whereby the major function of Sae2 in 
response to DSB is to actively remove MRX from break ends after resection initiation, 
partially through activating Mre11 endonuclease. The absence of this function causes 
persistent checkpoint signaling and cell cycle arrest, leading to reduced survival (Figure 
4-11C). This can be suppressed by elimination of Ku to allow access of Exo1, which 
activates resection and facilitates Mre11 dissociation. More importantly, it can also be 
suppressed in a resection independent manner via reduced DNA binding by Mre11 
allowing self release; thus, attenuating checkpoint signaling and restoration of DNA 
damage resistance. We do not think Sae2 removes Mre11 only by stimulating its 
endonuclease activity. Given that the sae2Δ mutant is considerably more sensitive to 
DNA damaging agents than the mre11-H125N mutant, Sae2 must be doing more than 
activation of the Mre11 nuclease. Recombinant Sae2 is also reported to have an intrinsic 
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endonuclease activity (Lengsfeld et al., 2007). However, over-expression of SAE2 does 
not increase end resection but reduces Mre11 association with DNA ends and prevents 
Rad53-P in response to DSBs (Clerici et al., 2006), suggesting a nuclease independent 
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5.1 RPA, resection and genome integrity 
5.1.1 DNA secondary structures are potential targets for nucleases 
RPA is the major eukaryotic ssDNA binding protein with essential roles in all DNA 
metabolic reactions involving ssDNA, including DNA replication, nucleotide excision 
repair, mismatch repair, homologous recombination and DNA damage signaling. Here we 
studied RPA in the context of DSB end resection and identified its role in promoting both 
the Exo1- and Sgs1-Dna2- dependent extensive resection and protecting ssDNA from 
inappropriate annealing between short homologies. Importantly, we were able to detect, 
foldback DNA structure formation within the 3’ strands in vivo upon RPA depletion. The 
foldback structure is likely to form via intramolecular pairing between short inverted 
repeats (5-9 bp) in the 3’ strand sequence exposed by resection, consistent with RPA’s 
function in removing secondary structure from ssDNA seen in vitro (Gibb et al., 2012).  
These DNA secondary structures can be dangerous for cells for several reasons. 
First, they are likely the unfavorable conformation to be recognized by DNA repair factors 
such as Dna2 and Exo1 for extensive resection. While Dna2-dependent resection could 
rely on its direct interaction with RPA (Bae et al., 2003) and ssDNA, Exo1 has not been 
found to physically interact with RPA and we fount that it can localize to break sites 
independent of RPA. However, the Exo1-dependet extensive resection pathway is also 
blocked by RPA depletion. One possible explanation is that naked ssDNA with secondary 
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structures is no longer a good substrate for Exo1 nuclease. In support of this view, It was 
shown by in vitro reconstitution of Exo1-dependent resection that Exo1 acts preferentially 
on a dsDNA end possessing a 3’-ssDNA overhang (Cannavo et al., 2013). Moreover, 
unprotected ssDNA can sequester free Exo1 and prevent its distributive action on the 
remaining dsDNA. Thus ssDNA with foldback structures can disturb end resection and 
faithful HR repair. And this could be a possible explanation, at least partially, for RPA’s 
essential role in both extensive resection pathways. 
       Second, the unusual hairpin structures at break ends become potential 
substrates for improper cleavage by nucleases such as MRX-Sae2 and Artemis, possibly 
leading to deletion, more DNA lesions and chromosomal fragmentation. As an evidence 
for this hypothesis, more stable hairpins are seen in mre11 nuclease-defective and sae2 
mutants, consistent with a reported function for Mre11-Sae2 in opening hairpins. This 
hypothesis might also apply to explain replication catastrophe (the simultaneous 
breakage of all active forks) caused by ATR deficiency in cells under replication stress, 
where unscheduled origin firing generates excess amount of ssDNA and leads to global 
exhaustion of RPA (Toledo et al., 2013). In this sense, we can screen the yeast deletion 
collection for suppressors of rfa1 hypomorphic mutants for their defect on hydroxyurea 
plates (or other replication stress). This might help uncover the nucleases responsible for 
replication catastrophe caused by RPA depletion. 
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Third, it is possible that certain types of DNA secondary structures cannot be 
processed by nucleases and thus persist through the next cell cycle, forming palindromic 
gene duplication by replication. This can be dangerous since selective gene amplification 
is associated with neoplasia. In support of this, palindromic gene amplification at 
telomeres has been reported in telomerase- and recombination-defective yeast to 
prevent senescence (Maringele and Lydall, 2004), where RPA is likely used up due to 
extensive degradation of telomeric sequence from many chromosomes. Similarly, 
foldback structures detected at meiotic DSBs in rad52 cells (Lao et al., 2008) suggests 
that hyper-resection due to deficient HR might also exhaust the nuclear pool of free RPA. 
It will be of interest to see if tuning the levels of RPA could affect the frequency of these 
events accordingly.   
 
5.1.2 RPA also prevents intermolecular annealing via microhomologies 
The underlying nature for RPA to remove secondary structures from ssDNA is its feature 
to prevent intramolecular annealing between short complementary sequences. Ideally 
this feature should also apply to short complementary sequences from different ssDNA 
strands, such as the microhomologies flanking a DSB site used in MMEJ. Indeed, several 
rfa1 hypomorphic mutants (rfa1-t48, rfa1-D228Y and rfa1-t33), whose purified RPA 
mutant complexes were not able to fully extend ssDNA in vitro, greatly elevated MMEJ 
frequencies (Deng et al., 2014). Significantly higher GCR (gross chromosome 
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rearrangement) rate was also reported for these rfa1 mutant alleles (Chen and Kolodner, 
1999), and many of the GCR events recovered were due to translocations, deletions or 
inversions that had MH at the junctions. Thus, RPA can prevent promiscuous annealing 
between short repeats both intramolecularly and intermolecularly during DSB repair to 
maintain genome integrity.  
 
5.1.3 RPA facilitates HR by stabilizing 3’ ssDNA tail 
Although resection was always thought to happen towards 5’ strand, 3’ ssDNA 
degradation was previously observed at a HO endonuclease-induced non-repairable 
DSB in wild-type cells (Zierhut and Diffley, 2008). Here we found a faster and greater 
amount of 3’ degradation without RPA, even though extensive resection was greatly 
impaired. Moreover, both Pol32-dependent DNA synthesis and Mre11-Sae2 nuclease 
contribute to the 3’ degradation, suggesting a possible mechanism for 3’ end loss is the 
formation and cleavage of hairpins. Thus RPA protects the 3’ tailed end from forming 
secondary structures and being degraded. The 3’ end loss found in wildtype could be due 
to depletion of RPA by excessive resection at a non-repairable DSB, which might be 
rescued by overexpression of the RPA heterotrimeric complex.  
The 3’ end loss can be detrimental for DSB repair by HR, because 3’ ssDNA 
serves as an essential substrate for homology search and gap filling (DNA polymerase 
can only synthesis DNA from 3’ to 5’), as well as Mec1-dependent checkpoint response. 
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Both Rad52 and Rad51 fail to localize to DSB sites upon loss of RPA (Lisby et al., 2004), 
which completely inhibits the entire HR machinery from assembling. The dependence of 
Rad52 and Rad51 recruitment on RPA can be partially explained by their direct 
interaction (Golub et al., 1998; Hays et al., 1998). However, in vitro studies have shown 
that RPA can act as a barrier to Rad51 binding, which could be overcome by Rad52. 
Without RPA, Rad51 is capable of binding to ssDNA by itself (Sung, 1997). However, we 
did not see Rad51 foci in the absence of both RPA and Rad52 in vivo, possibly due to the 
lack of stable 3’ ssDNA as substrate. Similarly, Ddc2 localization to damage sites is 
reduced when RPA is depleted from cells (Zou and Elledge, 2003), likely due to loss of 
both long tracts of ssDNA and the direct association of the ATRIP/Ddc2 with RPA(Kim 
and Brill, 2003). 
       Thus, RPA not only serves as an multi-interactive adaptor that brings different 
factors to process DNA, but more fundamentally as a ssDNA shield and remodeler that 
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5.2 Why is sae2Δ sensitive to DNA damage agents?  
5.2.1 The MRX-Sae2 nuclease can be bypassed for CPT and MMS resistence 
Sae2 is considered as a crucial resection factor that works together with MRX complex to 
initiate end resection. Its specific role in this process remained unclear until very recently 
it was shown to stimulate specifically the ssDNA endonuclease activity of Mre11 to make 
the initial clip of the 5’ strand (Cannavo and Cejka, 2014). This function is especially 
important to process DSB ends blocked by covalent protein adducts, such as 
Spo11-bound 5’ ends in meiosis. However, resection of unblocked ends (endonuclease 
induced DSBs) can occur, albeit slightly delayed, in the absence of Sae2 or the Mre11 
nuclease via recruitment of Exo1 or Sgs1-Dna2 by the MRX complex (Gravel et al., 
2008b; Mimitou and Symington, 2008; Shim et al., 2010; Zhu et al., 2008).  
The sae2Δ mutant confers considerable sensitivity to various DNA damage 
agents including γ-irradiation, MMS and CPT. The specific nature of DNA lesions 
generated by these agents is not completely understood. γ-irradiation is thought to 
produce DSBs with oxidative adducts in certain ratio of the population. MMS is an 
alkylating agent that stalls replication forks. CPT generates a Topoisomerase I 
(TopI)-dependent nick, which likely turns into a DSB with Top1-bound 3’ end, the 
opposite polarity to the covalent adduct formed by Spo11. The MRX-Sae2 endonuclease 
was thought to contribute to Top1 removal in addition to tyrosyl-DNA phosphodiesterase 
1 (Tdp1), which directly hydrolyses the bond between Top1 and DNA (Li et al., 2008). 
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Thus the failure to remove Top1 adducts causes the sensitivity of sae2Δ or mre11-nd.  
The evidence for this hypothesis was that an increased amount of DNA-bound form of 
Top1 was detected in sae2Δ or mre11-nd (Fukunaga et al., 2011). The obvious problem 
with this hypothesis is that 3’ strand is the wrong polarity for Mre11 endonuclease.  
Here we identified mre11-P110L and four more mutations within the N-terminal 
region of Mre11 that suppress the CPT and MMS sensitivities of the sae2Δ mutant 
without activating the endonuclease activity of Mre11. Moreover, mre11-P110L can even 
suppress the sensitivity of mre11-nd, indicating that the MRX-Sae2 endonuclease is not 
absolutely essential for CPT and MMS resistance. This finding challenges the 
predominant explanation for sae2Δ CPT sensitivity in the field. It remains to be seen 
whether mre11-P110L can suppress Top1-adducts removing problem caused by sae2Δ.  
 
5.2.2 mre11-P110L rescues sae2Δ by allowing Mre11 to disassemble from DNA 
Since resection at a HO-induced DSB is slightly delayed in the absence of Sae2 (Mimitou 
and Symington, 2008), it seems possible that this resection defect can cause the DNA 
damage sensitivity of sae2Δ. In support of this view, yku70Δ was shown to suppress the 
resection defect, as well as sensitivity to CPT and IR, for sae2Δ in an Exo1 dependent 
manner (Foster et al., 2011; Limbo et al., 2007; Mimitou and Symington, 2010a). Thus 
removing Ku allows more Exo1 to access the break ends promotes resection. This was 
further supported by overexpression of Exo1, which also rescued sae2Δ sensitivity. 
	  
	   117	  
Interestingly, the mre11-P110L allele did not restore resection of an HO- induced 
DSB in the sae2Δ mutant, consistent with no increased endonuclease activity for Mre11. 
This means mre11-P110L sae2Δ still confers the same resection delay as sae2Δ single 
mutant, but can survive almost like wild type in response to CPT and MMS. Thus the 
resection delay in sae2Δ cannot be the ultimate cause for its sensitivity. The defect for 
sae2Δ to deactivate DNA damage signaling and disassemble Mre11 was otherwise 
bypassed by mre11-P110L. This means that the poor survival conferred by sae2Δ in 
response to DNA damage agents can be caused by persistent MRX at ends causing 
checkpoint hyper-activation that prevents the cells from propagation. Notably, this 
conclusion is not contradictory to the suppression of sae2Δ by yku70Δ. In fact, yku70Δ 
was found to alleviate persistent Mre11 foci induced by γ-irradiation in the sae2Δ 
sgs1-D664Δ mutant. In fission yeast, eliminating Ku renders the Mre11 nuclease activity 
dispensable for MRN disassociation (Langerak et al., 2011), suggesting that increased 
resection by Exo1 likely promotes MRX(N) removal.  
With persistent MRX bound at break ends in sae2Δ one might expect a block to 
HR repair at later steps after resection, which might also account for the lethality on CPT 
and MMS. However, we do not favor this model because sae2Δ was shown to be 
proficient for HR repair by gene conversion in a mating type switching assay (Mimitou 
and Symington, 2008). We further showed by the same assay that the mre11-P110L 
sae2Δ double mutant is equally efficient in HR as wild type. Rad52 is still recruited to form 
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foci and dissociates in the sae2Δ mutant, albeit slight delayed compared with wild type 
(Lisby et al., 2004). In Caenorhabditis elegans, Rad51 does not localize to meiotic 
chromosomes in the com-1 (sae2) mutant, but exposure of the mutant to γ-irradiation 
does induce Rad51 foci (Penkner et al., 2007). Thus MRX binding does not seem to 
impede HR and we argue that the suppression by mre11-P110L is not through improving 
HR efficiency.  
 
5.2.3 Dosage effect of MRX toxicity and its fine-tuning by Sae2 
While MRE11’s function in DSB repair has been highly appreciated, its 
dosage-dependent effect in this process shown by our study is totally surprising. First, as 
a “gain-of-function” mutation to bypass sae2Δ, mre11-P110L actually displayed reduced 
binding affinity to both dsDNA and ssDNA as the MRX complex. This is consistent with its 
suppression for persistent MRX binding in the absent of Sae2. However, the 
mre11-P110L single mutant does not confer any sensitivity to DNA damaging agents, 
even at very high dosage. This is likely because only a small amount of MRX bound to 
break ends is enough to fulfill its function in DSB repair. Second, in diploid sae2Δ/sae2Δ 
cells, one or two copies of MRE11 or mre11-P110L genes noticeably affected their DNA 
damage sensitivity. It is quite striking that a subtle change of Mre11 amount reflects so 
well into cells for fitness under damaging conditions. Third, overexpression of MRE11 
further sensitized sae2Δ but not SAE2 cells, suggesting that Sae2 serves as the “valve” 
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to fine tune Mre11 level at break ends to optimize survival. Interestingly, over-expression 
of mre11-P110L is still able to suppress sae2Δ DNA damage sensitivity, though not as 
well as when present in single copy. This suggests it is not just reduced DNA binding that 
confers the suppression phenotype and the mre11-P110L mutation must affect the MRX 
complex in a specific way. In support of this view, less Xrs2 was pulled down by 
Mre11-P110L than WT (Figure 4-1D). Indeed, if it was just reducing the amount of Mre11 
we would expect to recover suppressing mutations that reduced protein levels. 
Since Mre11 forms a functional complex with Rad50 and Xrs2 in the DSB 
response, one might wonder why overexpression of MRE11 alone is enough to sensitize 
sae2Δ cells. One possibility is that Mre11 is the limiting factor for MRX complex formation, 
which means there are excessive amount of Rad50 and Xrs2 in wild-type cells. Or, the 
overexpression of Mre11 might stimulate Rad50 and Xrs2 expression, or protein stability, 
thus generating more MRX complex bound to break ends. In support of this, it has been 
shown that the protein level of Rad50 and Nbs1 correlates with that of Mre11 (Regal et al., 
2013). We do not think Mre11 can act on its own to pose toxicity at break ends because it 
needs Xrs2 for its nuclear localization and association with Tel1 checkpoint signaling. 
 
5.2.4 How does Sae2 dissociate MRX from ends? 
Here we showed that the major function for Sae2 in response to DNA damage is 
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to actively remove MRX complex from break ends after DSB is repaired, which in turn 
switches off DNA damage checkpoint signaling and promotes survival. The question is 
how Sae2 dissociates MRX from ends. The mre11-nd mutant also shows defective 
Mre11 disassembly and checkpoint switch off, although the defect is milder than sae2Δ 
(Clerici et al., 2006; Lisby et al., 2004). Thus it is partly through stimulation of the Mre11 
endonuclease activity by Sae2, which initiates resection by cleaving the 5’ strand. 
Allowing more resection by Exo1 can also serve this purpose in the absence of Sae2 or 
Mre11 nuclease. However, we think Sae2 facilitates MRX dissociation from break ends 
by more than just activating Mre11 endonuclease, because sae2Δ is significantly more 
sensitive to DNA damage than mre11-nd. It will be interesting to check whether the 
dosage effect of MRX toxicity in sae2Δ alters upon YKU70 deletion, where resection is 
restored. Recombinant Sae2 is also reported to have an intrinsic endonuclease activity 
(Lengsfeld et al., 2007). However, over-expression of SAE2 does not increase end 
resection but reduces Mre11 association with DNA ends and prevents Rad53-P in 
response to DSBs (Clerici et al., 2006), suggesting a nuclease independent function of 
Sae2 exists to remove Mre11 from break ends.  
It remains unknown whether MRX associates with dsDNA or ssDNA when it 
persists at break ends. Mre11 exhibits higher binding affinity for ssDNA over dsDNA in 
vitro. Sae2 foci were seen to persist in mre11-nd cells after γ-irradiation, suggesting that 
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Sae2 remains associated with DSBs along with Mre11 in nuclease-deficient cells (Lisby 
et al., 2004). Sae2 physically interacts with Mre11 and Xrs2 in vitro (Cannavo and Cejka, 
2014; Ghodke and Muniyappa, 2013). It is not clear whether MRX gets removed from the 
end first and brings away Sae2, or Sae2 somehow leaves the end and brings MRX with it.  
In previous studies it was not possible to differentiate the checkpoint function of 
Sae2 from its resection function, making it impossible to determine the importance of 
these functions and accurately interpret results. The mre11 alleles that suppress sae2 
DNA damage sensitivity can serve as useful reagents to distinguish between these roles 
of Sae2. Indeed, we have found that mre11-P110L fails to suppress the sae2Δ sgs1Δ 
synthetic lethality, but does suppress the synthetic slow growth of the rrm3Δ sae2Δ 
double mutant indicating that the latter is due to a checkpoint switch-off defect. Sae2 was 
also reported to prevent ssDNA accumulation in DNA replication, which becomes 
particularly important in the absence of either Sgs1 or Rrm3 (Hardy et al., 2014). 
To further understand the nuclease independent function of Sae2 that helps 
dissociate MRX, we could use the available information on yeast deletion mutants with 
CPT sensitivity (Deng et al., 2005), and screen for those mutants that can be suppressed 
by mre11-P110L. In this way, we might be able to find other factors working in the same 
pathway as Sae2 in MRX removing and/or DNA damage checkpoint switching off. One 
possible candidate in this pathway is the polo kinase CDC5, whose overexpression was 
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shown to override the checkpoint signaling induced by DSBs, similar to SAE2 
overexpression. When overproduced, Cdc5 causes Sae2 hyper-phosphorylation and 
accumulation at the DSB (Donnianni et al., 2010). It will be interesting to see whether 
MRX is excluded from break ends under this condition, like when SAE2 is overexpressed. 
Thus, the DNA damage sensitivity of the sae2Δ mutant is not caused by its 
resection defect, but rather its failure to promote Mre11 turnover from DSB ends and 
switch off checkpoint. This finding solved the longstanding conflict between the modest 
resection defect of the sae2Δ mutant and its severe DNA damage sensitivity. More 
importantly, it changed our view on the way we think of cell survival in response to 
radiomimetic drugs.  
Since none of the mre11 alleles we identified alters the endonuclease activity of 
Mre11, how Sae2 activates Mre11 endonuclease remains a question. It is worth noting 
that in our second round of MRE11 mutagenesis by PCR, we focused on the region of the 
five phosphoesterase motifs, and did a parallel screen for suppression of the hairpin 
opening defect by sae2Δ, hoping to recover a self-activating mre11 gain-of-function 
mutant. However, we did not find a single one, raising the possibility that Sae2 might not 
directly activate Mre11 endonuclease but rather through Rad50 or Xrs2. In support of this 
hypothesis, the rad50S mutant displays similar phenotype as sae2Δ and mre11-nd. 
However, Sae2 was only found to physically interact with Mre11 and Xrs2, not Rad50. It 
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will be interesting to perform the same screen for rad50 or xrs2 alleles that bypass the 
need for Sae2 to stimulate Mre11 endonuclease, which might uncover the regulation of 
Mre11 nuclease in eukaryotes. 
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